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PREFACE
The NASA Propagation Experimenters Meeting (NAPEX) is a forum convened to discuss
the studies supported by the NASA Propagation Program. The reports delivered at
this meeting by the management and the investigators of the program summarize the
recent activities as well as plans for the future. Representatives from domestic
and international organizations who conduct radio wave propagation studies are
invited to NAPEX for discussions and exchange of information. This proceedings
records the content of NAPEX XIII.
NAPEXXIII, which took place on June 30, 1989, at San Jose, California, was organized
into an opening session and three technical sessions. In the opening session, NASA
and JPL managers of the program addressed the audience, and these were followed by
a presentation from the NASA Propagation Information Center. The first technical
session, chaired by Mr. Richard Emerson of JPL, focused on mobile satellite
propagation. A total of nine presentations were made at this session. The second
technical session examined the propagation effects for frequencies above i0 GHz and
included eight papers. Dr. David Rogers of COMSAT Laboratories was the chair for
this session. The last technical session was exclusively devoted to Olympus/ACTS
studies to highlight the importance of this subject and its potential for our
program. The last session was chaired by myself, where four papers were delivered.
An important development in this years's meeting was the presence of a three-member
review panel. The notable panel members were:
Professor Gert Brussaard of Eindhoven University of Technology
Dr. Stewart McCormick of the Department of Communications
Dr. David Rogers of COMSAT Laboratories
This panel was formed in the spirit of the NASA review panel of 1986 which very
effectively reviewed the propagation program and made a set of consequential
recommendations for improving the program. The panel members addressed the audience
during the "closing remarks" period at the end of the meeting.
Our international participation included such countries as Canada, Italy, Japan, the
Netherlands, and the United Kingdom. I would like to express my appreciation to all
the participants of NAPEX XIII, beginning with Richard Horttor, who was the guest
speaker at the reception/banquet on Thursday evening, June 29, 1989. I am
particularly grateful to the panel members who paid close attention to the
presentations and made enlightening comments that contributed to the success of the
meeting. The efforts of Professors Ernest Smith and Warren Flock of the NASA
Propagation Information Center in assisting me with the organization of our meeting
as well as the banquet are acknowledged. I would also like to thank Mr. John Kiebler
of NASA Headquarters for his uninterrupted support of the Propagation Program.
Thanks are extended to the IEEE APS Conference steering committee, particularly
Dr. Ray King, for hosting our meeting at the Red Lion Inn. And, lastly, I wish to
extend my gratitude to Harold Yamamoto of JPL for his assistance in compiling and
preparing the proceedings for publication.
NAPEX XlV is planned for May 1990 in Austin, Texas.
Faramaz Davarian
Project Manager
NASA Propagation Studies
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ABSTRACT
The NASA Propagation Experimenters Meeting (NAPEX), supported by the NASA
Propagation Program, is convened annually to discuss studies made on radio wave
propagation by investigators from domestic and international organizations.
NAPEX XIII was held on June 29 and 30, 1989, at the Red Lion Inn, San Jose,
California, and consisted of representatives form England, Italy, Japan, the
Netherlands, and the United States. The meeting was organized into three
technical sessions: The first focused on mobile satellite propagation; the
second examined the propagation effects for frequencies above I0 GHz; and the
third addressed studies devoted exclusively to the Olympus/Advanced
Communications Technology Satellite (ACTS) Program.
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NAPEXXIII SUMMARY
FaramazDavarian
Jet Propulsion Laboratory
California Institute of Technology
Pasadena, CA 91109
Ernest K. Smith
NASAPropagationInformation Center
University of Colorado
Boulder, CO80309
The thirteenth of the recent (1980s) series of NASAPropagation Experimenters
Meetings (NAPEXXIII) washeld on Friday, June 30, 1989, at the Red Lion Inn in San
Jose in conjunction with the 1989IEEEAntennas and Propagation Society International
Symposiumand URSI National Radio Science Meeting, June 26-30. The NAPEXmeeting
was preceded by a reception and a banquet on Thursday evening, June 29, also at the
Red Lion Inn, at which the guest speaker was Richard Horttor, whose topic was the
NASAPlanetary Program. There were 38 present at the reception and banquet, which
included wives, and 36 at the technical meeting, the largest attendance so far.
Foreign participants included Mr. Bertram Arbesser-Rastburg of ESA-ESTEC,Mr.
Yoshihiro Hase and Tetsushi Ikegami of CRL,Tokyo, Dr. ErmannoFionda of Fondazione
Bordoni in Rome, Dr. V.S. Murthy Renducinatala of the University of Bradford in
England, and Prof. Aldo Paraboni of Politecnlco di Milano; guests at the banquet
included Dr. and Mrs. Ray J. King and Dr. Yoji Furuhamaof ATRKyoto.
A new feature of this meeting was the establishment of a Review Committee
similar to the panel that carried out the NASAScience Review of the Propagation
Program in September 1986. The membersof the Review Committee are Prof. Gert
Brussaard, Dr. K. Stewart McCormick, and Dr. David V. Rogers. NASAHeadquarters was
represented at NAPEX III by John Kiebler, Headquarters manager for the Propagation
Program, and DeanOlmstead, ACTSProgramManager.
In his opening talk at the technical meeting, John Kiebler reviewed the program
of the Communications and Information Division and the present budget situation.
He was followed by Warren Flock who described the newly formed NASAPropagation
Information C_nter at the University of Colorado.
The first of three technical sessions was on Mobile Satellite Propagation
Experiments and waschaired by Dick Emersonof JPL. There were nine papers covering,
first, the JPL work and then' the experimental program in Australia which Wolf Vogel
and Geoff Torrence of the University of Texas had carried out with assistance from
AUSSATlast fall. Tetsushl Ikegami of the CommunicationsResearch Laboratories in
Tokyo reported on experiments with ETS-Vand planning for ETS-VI, Prof. Warren
Stutzman of VPI gave the status of LMSSmodeling work and Dr. Faramaz Davarian
reported on the Aeronautical Mobile-Satellite text prepared for CCIR.
Session No. 2, Propagation Experiments above I0 GHz,was chaired by Dr. Rogers
of COMSATLabs. This session contained a review by Prof. Robert K. Crane of
Dartmouth on the consistency of present propagation databases in which he found the
quality control in the recent ESAprogram to be better than the earlier NASAone.
This was followed by reports on radar rain studies by Julius Goldhirsh of Johns
Hopkins Applied Physics Lab., on the extensive radiometric work carried out by the
WavePropagation Laboratory of NOAAbyJack Snider, a description of an optical study
at JPL by Dr. KamranShaik, and two talks on European studies. The first, by Mr.
Bertram Arbesser-Rastburg, summarizedrecent OPEX(OlympusPropagation Experiments)
achievements, and the second, by Prof. Paraboni, described the Italsat experiment
plan.
Session No. 3, ACTS, was chaired by Dr. Faramaz Davarlan. Dean Olmstead, ACTS
program manager, reviewed present status and future expectations. Dr. Davarian
presented the NASA Propagation Experiments plan and announced an ACTS Propagation
Workshop to be held at or near JPL in November 1989. Warren Stutzman described the
U.S. activity with the Olympus Satellite (a test bed for future ACTS work) and John
Kiebler presented the management plan proposed by NASA Headquarters.
The Review Committee was invited to say a few words in the wrap-up. Prof.
Brussaard commented favorably on the increased cooperation evident in the program.
Dr. McCormick had rated the presentation in a short term to long term scale (he
clearly preferred the long view) and Dr. Rogers spoke favorably of the handbooks and
CCIR participation. He also indicated that the Review Committee would be going over
the 14 recommendations made by the Science Review Panel in 1986 to assess progress
toward meeting their terms.
NASA'S COMMUNICATIONS AND INFORMATION
SYSTEMS DIVISION
PROGRAM OVERVIEW
John Kiebler
NASA Headquarters
Washington, DC 20546
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NASA PROPAGATION INFORMATION CENTER
Ernest K. Smith and Warren L. Flock
University of Colorado at Boulder
Department of Electrical and Computer Engineering
Boulder, CO 80309
Abstract
The NASA Propagation Information Center became formally
operational in July 1988. It is located in the Department of Electrical
and Computer Engineering of the University of Colorado at Boulder.
The Center is several things: a communications medium for the
Propagation program with the outside world, a mechanism for
internal communication within the program, and an aid to
management. The staff consists of Professors (adjunct and emeritus)
Ernest K. Smith and Warren L. Flock, and Research Assistant Lisa
Leonard.
Introduction
The NASA Science Review Panel of 1986 in its report made several
points. Among them were these:
- The effectiveness of the program would be enhanced by
cooperative projects with other organizations.
- There should be a mechanism for monitoring propagation
research of other governmental and industrial organizations.
- NASA should take a leading role in the harmonizing and
pooling of propagation data from relevant organizations by defining
data acquisition/processing standards.
- The acclaimed Propagation Handbooks should be updated
periodically, preferably in coordination with the 4-year CCIR cycle.
The CCIR support activities should be maintained within the
propagation program.
NAPEX meetings are a good thing and should be continued.
These points provided some of the incentive for the creation of the
NASA Propagation Information Center. It is fairly modest in scope
financially, The two co-directors account for one quarter of a man
year between them and our secretary cum research assistant is half
time during the school year, and somewhat less during the summer.
Reality has turned out somewhat differently from expectation.
Cooperative programs have moved forward apace with activities
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involving, or under discussion with, ESA, AUSSAT, and CRL (Japan)
but the Information Center per se has had no hand in these activities.
Uncovering future plans of government and industrial organizations,
unless they have been published, is easier said than done. However,
attendance at conferences is a good way to keep up with research
that is already underway. The opportunity to contribute to the
harmonizing and pooling of propagation data will logically take place
at the ACTS Workshop planned for 4 to 8 months from now.
However the Information Center can take pride in its contributions to
the later three areas, as well as a few additional ones..
Activity
Since the initiation of the grant in July 1988 the NASA Propagation
Information Center has:
a) Produced four quarterly NASA Earth-Space Propagation
Newsletters with an increasing demand with each edition [W.
L. Flock].
b) Carried out a review, proposed modification, and prepared
the mailing list for the Ippolito handbook (Reference 2) [EKS].
c) Travelled to San Jose in October, 1988 to make initial
preparations for NAPEX XIII and coordinated arrangements
thereafter, working with JPL and NASA [EKS].
d) Assisted JPL in the preparation of a significant aeronautical
mobile satellite text for CCIR SG-5, and participated in the
U.S. preparatory work in Study Group 6 [EKS].
e) Organized and implemented a subject/author retrieval
system for propagation references [WLF/LL].
f) Provided support to CCIR USSG-5/6, URSI Commission F, and
the IEEE Wave Propagation Standards Committee for their
meetings in Boulder.
g) Organized and coordinated a monthly Communications Policy
Luncheon in Boulder.
h) One of us (E. K. Smith) taught a course with David Hogg at the
University of Colorado during the Spring Term on Earth Space
Propagation using the Flock Handbook (2), in part as a way to
identify errors and omissions; and he will teach a second
course on Fundamentals of Propagation at CU in the fall with
Kenneth Davies.
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i) One of us (E. K. Smith) organized and coordinated the
reception and program (URSI session G1) in Boulder in
January, 1989 in memory of Henry G. Booker, John A.
Ratcliffe and Newbern Smith.
Some activity was curtailed due to medical problems of Professor
Flock (endocarditis in December and January followed by open-heart
surgery in April). Our one scheduled foreign trip during the first
year would have taken Prof. Flock to ICAP'89, the Sixth International
Conference on Antennas and Propagation, held at the University of
Warwick, England, April 4-7, 1989. Fortunately several members of
the NASA Propagation Program were in attendance so that a report
on the conference could be prepared for the latest Newsletter.
Future Plans
Projected foreign travel during the second half of 1989 will take E. K.
Smith to the second International Symposium on Antennas and
Propagation (ISAP'89), Aug. 22-25, 1989 in Tokyo where he will give
a paper and chair the Radio Meteorology session. He will also give an
invited lecture to the International Satellite Communications Society
headquartered in Tokyo and a talk on radio noise at the URSI
Commission E Symposium on Environmental and Space
Electromagnetics, Tokyo, September 4-6, 1989. He then hopes to
continue on to Mainland China at personal expense where he has two
invitations, one to visit Xidian University in Xi'an and the other, from
the Radio Broadcast Bureau, to lecture. However, no word has come
from the PRC since the June 4 Tienanmen Square massacre.
The NASA Propagation Information Center plans to continue the
efforts started in the first year. In addition, more attention will be
paid to the following during the upcoming year:
1) Obtaining feedback from users of the propagation program's
products;
2) Assisting in the implementation of the Science Review Panel
Recommendation #4 (NASA should take a leading role in the
harmonizing and pooling of propagation data from relevant
organizations by defining data acquisition/processing standards).
3) Upgrading our computer competence. A visiting scientist from
Xidian University in the People's Republic of China had been
expected to participate in this, but this plan may have to be revised.
4) Entering the latest version of the Flock Handbook (1) into
Macintosh Microsoft Word or Works and adding in the corrections
12
which have come to our attention. The latest Ippolito Handbook (2)
is already available on tape.
5) Initiating the referencing of pertinent papers on Earth-space
propagation from other centers into our data base.
References
1) Flock, W. L., Propagation Effects on Satellite Systems at
Frequencies Below 10 GHz A Handbook for Satellite
Systems Design Second Edition. NASA Reference Publication
1108(02), December 1987.
2) Ippolito, L. J., Propagation Effects Handbook for Satellite
System Design A Summary of Propagation Impairments on
10 to 100 GHz Satellite Links with Techniques for System
Design - Fourth Edition. NASA Reference Publication 1082(04),
February, 1989.
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MOBILE SATELLITE
PROPAGATION EXPERIMENTS
Chairman:
Richard F. Emerson
Jet Propulsion Laboratory
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OPENING COMMENTS
Richard F. Emerson
Jet Propulsion Laboratory
California Institute of Technology
Pasadena, California 91109
The propagation studies and Mobile Satellite Experiment Programs at JPL have
enjoyed a synergistic relationship over the last several years. My first
contact with the propagation activities was at a workshop, held at JPL, where
Wolf Vogel presented the studies on balloon-borne transmitters. That workshop
brought together system designers, propagation experts, and subsystem engineers.
Data collected and analyzed by Wolf Vogel and Julius Goldhlrsh have been used to
develop technology to overcome or, at least, mitigate the effects of the
propagation environment on communication system performance. Wolf has also
provided help in designing the field measurement equipment which we use
for MSAT-X.
Feedback by system designers has led to propagation experiments which have
provided greater insight into not only the impact of propagation on system
performance but on the nature of the propagation impairments themselves,
particularly at UHF and L-Band.
NAPEX has been instrumental in continuing and broadening the dialogue between
the experimenters and design engineers. The need for continuing dialogue will
be even more important as systems such as PASS, operating at Ka-Band, evolve.
This morning we have a selection of papers which report on the continuing work
in propagation field studies and modeling. We also have one paper which shows
the importance of closing the loop from field experiments to laboratory tests of
equipment. Modifications to the JPL channel simulator now allow the use of
field collected data to simulate the propagation environment in the laboratory.
The LMSS and AMSS activities live in the overall governmental and international
governmental world. We will conclude this session with a report on AMSS and
the CCIR.
IRKCEDING PAGE BLANK NOT FILMED
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FIELD MEASUREMENTS IN MSAT-X
Khaled Dessouky and Loretta Ho
Jet Propulsion Laboratory
California Institute of Technology
Pasadena, CA 91109
Abstract
Results from the two most recent MSAT-X field experiments, the Tower-3 Experiment and
the JPL/FAA/INMARSAT MARECS-B2 Satellite Experiment, are presented. Results
that distinguish the unique propagation environment of the tower set-up are given and
explained. The configuration and flight variables of the aeronautical experiment which
used an FAA aircraft and an INMARSAT satellite are described. Results that highlight
the disturbances on the aeronautical satellite channel are presented. The roles of satellite-
induced signal variations and of multipath are identified and their impact on the link is
discussed.
1. Introduction
Field experiments have played a major role in validating the technologies developed under
MSAT-X and in evaluating the end-to-end system performance. This article summarizes
results obtained in the two most recent fieldexperlments with emphasis on propagation-
related results.
The first experiment addressed is the Tower-3 (T3) Experiment conducted near Boulder,
Colorado, in July and August of 1988. It was the first end-to-end mobile field experiment
in MSAT-X [1]. A 1000-ft tower operated by NOAA was used as a platform to simulate a
satellite transponder. As such, T3 offered only a simulated land-mobile environment,
nevertheless, _t served as an invaluable end-to-end system checkout.
The second, and more recent experiment, is the Joint JPL/FAA/INMARSAT MARECS-
B2 Satellite Experiment. This was a complete aeronautical mobile experiment and
demonstration. The MSAT-X mobile terminal was flown on board a Boeing 727 and was
successfully demonstrated during flight. Due to damage sustained by the aircraft in a
windstorm immediately prior to the scheduled start of the experiment in January 1989, only
a ground check-out part was conducted in January. The flight segment was postponed and
successfully completed in March 1989.
In what follows, the Tower-3 experiment set-up is described first. Typical results from its
unique propagation environment are then summarized. This is followed by a brief
description of the FAA experiment configuration and some of its results.
2. Tower-3 Experiment and Results
2.1. The Tower Set-Up
The physical layout for the experiment is shown in Figure 1. The fixed station was set up
inside the trailer located as identified in the figure. The fixed station antenna was a dual
18
helibowl with approximately 12 dB of gain and a 28 ° 3-dB beamwidth in elevation. (A
refined version of this antenna was used in the Marecs B2 Satellite Experiment.) The dual
helibowl wasplaced on the roof of the trailer. To simulate a satellite, an L-band translator
[1] was placedatop the tower and a patch antenna was placed facing downwards on a boom
extending horizontall), from the top of the tower. The patch antenna by itself, i.e., in the
absence of the tower m its radiation field, is omni-directional with -7 dB of gain.
Mobile tests were performed with the mobile laboratory van travelling along the North-
South (N-S) and East-West (E-W) roads (Figure 1). The quantitative link performance
tests were performed at and between the calibrated points A through E, and F through H,
as shown the figure. Limiting the testing to these re_ions was required to reduce the
problem of excessive signal variation due to the change in range-- a problem that does not
exist in a satellite link.
2.2. Tower Propagation Environment
Preliminary pilot strength measurement runs along the N-S and E-W roads revealed large
signal fluctuations (up to 5 dB _peak-to-peak). It was determined that this could be
significantly reduced by minimizing reflections off the tower structure. Consequently,
absorbing material was placed on the antenna mounting platform between the patch
antenna and the tower. This indeed resulted in a reduction of the observed fluctuations,
but also resulted in a sharp signal drop-off north of point E and immediately west of point
F. The complete elimination of tower antenna pattern ripples (which cause these spatial
signal fluctuations) is known to be a very difficult problem. Hence, no attempt was made
to eliminate these ripples.
The pilot signal was received at the van through JPL's mechanically steered medium gain
antenna. The received pilot power is shown m Figure 2 for the N-S road. Three signal
variation phenomena can be seen. The fastest variation is due to multipath, which is
minimal for the tower environment as will be discussed shortly. The relatively wide ripples
of about 1.5 dB peak-to-peak magnitude signal variations are due to the tower antenna
pattern. The deep, sharp fades correspond to the telephone poles on the west edge of the
N-S road. It is worth noting that the poles do not show up on the signal strength plots
taken with the van traveling alon_ the east side of the road away from the poles. This is
because the poles are no longer m the line-of-sight between the vehicle antenna and the
top of the tower.
Detailed data analysis was performed on the data gathered during the experiment [2]. One
of the experiment objectives was to characterize the multipath channel present at the tower
site. Least squares fitting techniques were applied to a host of multipath data gathered on
the N-S and E-W roads using the JPL mechanically steered, medium gain antenna. This
revealed that a Rician probability density function with a k factor (ratio of direct to
scattered signal powers) of 20 to 21 dB fits well the multipath environment experienced at
the tower site. This is shown in Figure 3. It was found that the fit could be further
enhanced if a running average is used-to smooth the ripples due to the tower antenna [2].
Also of interest is the effect of the bin size on the fit obtained. This is illustrated in Figure
4. The high values of k obtained clearly indicates that the barren, flat tower site creates
very little multipath. The channel behaves much like an additive white gaussian noise
channel.
3. The Joint JPL/FAA/INMARSAT MARECS-B2 Satellite Experiment
The basic objective of the experiment was to demonstrate the voice and data link
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performance in a typical aeronautical environment. Of particular importance was the
demonstration to the FAA of the quality and robustness of the MSAT-X speech codecs.
To support the objectives of the experiment, data to fully characterize the link and the
disturbances on the channel was gathered.
3.1 Experiment Configuration
Figure 5 depicts the experiment set-up. The configurations of the ground segment (1/89)
and the flight segment (3/89) are quite similar. The primary difference is that the Aircraft
Terminal (ACT)was placed on the roof of the FAA hangar during the ground segment
(and was referred to as the Ground Aircraft Terminal [GACT] [3,4]). With one exception,
the ACT components are identical to those in the GACT. The exception is the aircraft
antenna assembly used in the aircraft to mount the antenna to the inside of a passenger
window [5]. For logistical simplicity during flight tests a separate antenna and assembly
were used for each side of the fuselage. The ACT or GACT served as one end of the
MSAT-X link. Another MSAT-X mobile terminal was located at INMARSAT's Coast
Earth Station (CEST) in Southbury, CT. The mobile terminal was interfaced at IF to
COMSAT's hardware chain [3,4]. One and two-way data and voice links were established
through the MARECS-B2 satellite [4,6] located at 26 ° west longitude.
3.2 Flight Paths
Selection of the flight paths for the flight segment proved to be one of the more intriguing
aspects of the experiment. Factors relating to angle to satellite, doppler, path length, air
traffic and weather conditions had to be taken into account [5]. Originally, three flights
were planned, one each for the evenings of March 29, 30 and 31. Unseasonable weather
patterns with severe thunderstorms interfered however. The first flight took the straisht-
line path shown in Figure 6 between Salisbury, MD, and Boston, MA. The middle fl_ght
scheduled for 3/30 had to be cancelled due to very severe weather and lightning at the
FAA center which made fueling the plane hazardous. To avoid dangerous weather and
increase the experiment duration as much as possible on the last (or second) flight, the
southerly path from Atlantic City, NJ, to Charleston, SC, was taken on 3/31. Both flights
were flown entirely at a cruising altitude between eight and nine thousand feet. This was to
enable an airspeed in the 200 to 250 knot range. Unfortunately, that altitude placed the
plane in the middle of the thunderstorms, thereby creating a very rough experiment
envaronment replete with periods of intense turbulence.
3.3 Results
During the ground segment of the experiment both pilot and data channel signal power
were recorded at the GACT and the CES. The most salient observation made for this
additive white Gaussian noise (AWGN) channel (both ends are stationary) is signalpower
fluctuation due to variations in satellite loading. This is evident in the data collectedfrom
the digital readings of the power meter connected to the IF of the MSAT-X receiver. As
seen from a typical plot shown in Figure 7, the variation in the signal power of the forward
link is within +/- 0.8 dB. Smaller variation was generally observed at the CES on the
return link. This is attributed to the fact that the automatic gain control on the return
transponder (the high gain channel used) is normally off.
During flight, turbulence and minor course corrections added to the fluctuations in the
received signal at the aircraft. From Figure 8 it is seen that the data channel signal power
varies within +/- 1.5 dB. A plot of the received pilot during the same test period is given
in Figure 9. It shows the general correlation and agreement between the s_gnals received
on the pilot and data channels (which are separated by 20 kHz in this experiment).
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Multipath is known to have a minor effect in the aeronautical satellite link. A Rician
density with k (ratio of direct to scattered powers) of 15 dB is well accepted. This small
amount of multipath is embedded in the short term signal fluctuations exhibited in Figure
9. System performance is measured in terms of bit error rate versus signal to noise ratio.
Preliminary analysis [5] has shown that despite flight dynamics only a small degradation of
about 0.5 dB is present relative to the AWGN channel observed in the ground segment.
This confirms that multipath fading does not play a significant role in the satellite
aeronautical satellite link at hand.
4. Upcoming Field Measurements
The first true land mobile satellite experiment using the MSAT-X equipment will take
place in July 1989 in Australia. The MSAT-X mobile laboratory will be driven between
Sydney and Brisbane and in the vicinity of both cities. A wealth of propagation and system
performance data will be gathered and subsequently analyzed. Future articles will report
on both the propagation and system performance measurements to be made, and will aim
to elucidate the effects of the propagation environment on observed system performance.
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CHANNEL SIMULATOR UPGRADE TO USE FIELD PROPAGATION DATA
Jeff B. Berner
Jet Propulsion Laboratory
4800 Oak Grove Drive
Pasadena, CA 91109
Abstract--The JPL Channel Simulator lab has been modified to allow full
duplex links and to allow the use of field propagation data for link fading.
This capability will be used to test equipment for the Joint AUSSAT/NASA mobile
satellite experiment in July, 1989.
i. Introduction
The JPL Channel Simulator was built by the Mobile Satellite Experiment
(MSAT-X) program to facilitate the end-to-end testing of components of a
mobile satellite link. The simulator was designed to simulate a one-way link
with interfering sources, gaussian noise, and fading. Recently, modifications
were made to allow a full-duplex link to operate with field propagation data.
This paper will describe the channel simulator, discuss the changes made and
the rational for them, and describe the capabilities of the simulator.
2. The Channel Simulator
The channel simulator has been described before (Davarian, 1987); we
will only discuss the features that have been upgraded. Figure I provides a
simplified block diagram of the channel simulator. The simulator has four
transmitters whose output levels are independently set and then summed togeth-
er. This allows a desired channel, a co-channel interferer, and two adjacent
channel interferers. Each channel can independently undergo fading. Gaussian
noise can be added to the combined channels. The desired channel is then
selected by the receiver.
The Rician fading is accomplished by splitting the signal equally into
two paths, the Line-Of-Sight (LOS) path and the Rayleigh faded path. The
Rayleigh fading is accomplished by complex modulating the inphase (I) and
quadrature (Q) components of the input signal by a complex simulated Rayleigh
signal. The faded signal is then attenuated and combined with the LOS signal
to create the Rician faded signal. The Rician K factor, defined as the ratio
of the LOS power to the Rayleigh power, is set by step attenuators.
To use the channel simulator, the MSAT-X terminal processor and
TCM/SDPSK modem are used. The terminal processor provides PN data at 4800 bps
to the modem, which modulates the data. The modem provides an I channel and a
Q channel to the transmitter. The receiver provides a 28.8 KHz IF signal to
the modem for demodulation. The detected bits are then sent to the terminal
processor for error detection. Operating in this one-way mode allowed the
characterization of the modem under fading conditions.
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3. The Upgrades
In July, 1989, the MSAT-XPropagation Measurement Van (PMV) will be
conducting experiments with AUSSATin Australia using the Japanese ETS-V
satellite. A joint experiment with the National CommunicationsSystems (NCS)
was proposed. This experiment involves using secure telephones (STU Ill's)
over the MSATlink. To accomplish this requires an adapter designed and built
by Electrospace, Inc. (ESI) and a JPL built MSAT-to-ESI interface board. Due
to the fact that the ESI equipment was not designed to work with the MSAT
system, it was necessary to test the complete system before traveling to
Australia. Also, to ensure that the Australian propagation environment would
allow the establishment of secure communication, it was required that the
system be tested under conditions present in Australia. To accomplish this
required two changes to the channel simulator.
First, to test the full system required the ability to do full duplex
communications. A second receiver was constructed to allow the return link to
be detected. The desired channel transmitter was used for the forward link
and the co-channel transmitter, offset from the forward link by i00 KHz, was
used for the return link.
Second, to test under Australian conditions required Australian propaga-
tion data and the ability to use it. The propagation data was supplied by Dr.
Wolfhard Vogel, of the University of Texas (Vogel, 1989). This data was in
the form of fade amplitudes from the nominal value; this data was sampled at
500 samples/second. The Rayleigh fader was modified to use this data.
To use the field data fading, the LOSsignal is turned off. Instead of
complex modulating the signal with the Rayleigh data, the signal is modulated
with I and Q data generated from the field propagation data (Figure 2). An
IBM PC/ATwith a Data Translation DT2828dual channel Digital-to-Analog board
was used to generate the data. The DT2828provides a -i0 to i0 volt capabili-
ty; the nominal output value was set at 7 volts. All fades were done from the
nominal value, with the I and Q channels being faded by the samevalue.
4. The Testing
Figure 3 provides a block diagram of the test configuration for the NCS
testing. After verifying the channel simulator full duplex link, both with
and without field data fading, the full secure link was tested. Due to time
constraints and initial problems with the various interfaces to the MSAT
equipment, only one propagation data file was used, number 394. Figure 4
provides a plot of the amplitude fades versus time for this file. The goal of
the test was to achieve a secure link and maintain it with the field data
fading and an Eb/No, due to gaussian noise, of II dB. This goal was achieved.
5. Conclusion
The channel simulator is now capable of supporting a full duplex link,
using any propagation data to recreate the conditions a system will encounter.
This allows us to go into the field with the confidence that the NCStest will
succeed in Australia. Also, any improvements in MSATequipment that are made
after the AUSSATexperiment can be tested under actual field conditions. This
28
capability of the JPL Channel Simulator will allow measurements made by propa-
gation experimenters to be directly used in designing and testing equipment
for the MSAT system.
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Abstract--Land-mobile-satellite propagation measurements
were implemented at L Band (1.5 GHz) in South-Eastern Australia
during an II day period in October 1988. Transmissions (CW) from
both the Japanese ETS-V and INMARSAT Pacific geostationary
satellites were accessed. Previous measurements in this series
were performed at both L Band (1.5 GHz) and UHF (870 MHz) in
Central Maryland, North-Central Colorado, and the southern United
States. The objectives of the Australian campaign were to expand
the data base acquired in the U.S. to another continent, to
validate a U.S. derived empirical model for estimating the fade
distribution, to establish the effects of directive antennas, to
assess the isolation between co- and cross-polarized
transmissions, to derive estimates of fade as well as non-fade
durations, and to evaluate diversity reception. All these
objectives have been met.
i. Background
Designing future mobile satellite systems, communication
engineers require information on fade statistics associated with
multi-path propagation in different types of terrain and shadowed
line of sight transmissions due to roadside obstacles.
The objectives of earlier measurement campaigns [i - 7]
were to assess the statistics of fades under variable conditions:
roadside obstacles, mountainous and flat terrain, elevation
angles, side of roads and directions driven, seasonal effects,
and unshadowed versus shadowed line of sight conditions.
The Australian campaign offered the opportunity to
determine fade statistics for another continent having different
types of foliage and terrain. It also enabled a broadening of a
limited fade data base involving satellite platforms [5, 8, 9].
Transmissions from ETS-V were predominantly accessed, although
signals emanating from the INMARSAT POR were also received.
Major differences with previous data sets are: (a) high and low
gain antennas were used, (b) transmissions from different
satellites allowed probing fade variability with elevation angle,
and (c) cross-polarization signals were measured during selected
runs.
+ Mr. Hase was supported by a grant from the Science and
Technology Agency of Japan during his 1988-1989 stay at The
University of Texas as a visiting researcher.
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In this effort we present fade statistics based on data
selected from the campaign total of 1436 km road sampled,
corresponding to 460 km of roads and encompassing 36 runs; a run
representing a particular stretch of road with consistent
parameters over which measurements were obtained and cataloged•
Results pertaining to the following are exhibited: (i) fade
distributions for different road types and differing densities of
roadside obstacles (trees and utility poles), (2) overall average
fade distribution and comparison with a previously derived
empirical model, (3) fade distributions for different antenna
patterns (high gain versus low gain), (4) fade distributions for
different satellite transmitter platforms, (5) cross-
polarization fade statistics, (6) fade and non-fade duration
statistics, and (7) diversity gain improvement. Statistics
associated with urban driving are not discussed, as terrestrial
cellular systems are expected to be available at such locations.
• Experimental Aspects
2.1 Transmitter and Antenna Systems
Left-hand circularly polarized (LHCP) CW transmissions
radiated from the Japanese ETS-V satellite (EIRP = 55.9 dBm) were
received at a frequency of 1545.15 MHz. Elevation angles ranged
from 51 ° in Sydney to 56 ° in Coolangatta and the azimuth to the
satellite was 2 ° counter-clockwise, relative to north. Although
most of the selected measurements are for this satellite (28
runs, 446 km), measurements from INMARSAT POR (EIRP = 50 dBm, i0
runs, 68 km, RHCP, 1541.5 MHz, elev. 40 °) are also included.
The low gain antennas were crossed drooping dipoles. The
high gain antennas were manually pointed helixes (14 dB gain),
thus restricting data acquisition to straight road sections.
2.2 Receiver and Data Acquisition System
Measurements were made with the Texas van receiver/data
acquisition system. The receiver had three outputs with two
noise bandwidths. Recorded were the in- and quadrature-phase
detector voltages (bandwidth = 500 Hz), as well as the output
from a power detector (200 Hz). The bandwidth was chosen because
it did not exclude too many doppler-shifted multipath components
when driving at highway speeds, yet retained a useful SNR for
shadowing measurements.
Data were sampled at a 1 kHz rate and stored on magnetic
disk in sequential records of 1024 samples. In addition to
recording the L Band signals, the vehicle speed and time were
also recorded.
The unfaded signal level was determined from the data
itself. It was taken to be the mean level of the signal observed
while driving in a location which produced minimal multi-path and
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no shadowing. All the data reported are relative to that level.
Only signal levels with at least 7 dB signal to noise are used.
2.3 Road Features
A map of the region indicating the rural roads outside the
Sydney area traveled during the campaign is given in Figure i.
Measurements were made along these roads in non-contiguous blocks
of about 30 to 70 km. Two major vegetation zones [I0] were
traversed in the experiment; forests (closed and open forms)
along the coastal roads and woodlands (woodland and low-open
woodland) further inland. Forests ranged from dry sclerophyll
(most runs) to tropical rainforest (Run 385). The dominating
tree genus in the forests was Eucalyptus. Other than tree types,
more similarities than differences existed between apparent
roadside conditions (tree heights, densities, setbacks) in
Australia and the Eastern United States.
3. Fade Distribution Results
Fade levels are defined by 10*Log of the ratio of the
measured power to the unfaded reference power. The distributions
are presented with the ordinate depicting the percentage of the
distance over which the attenuation exceeded the abscissa (fade)
level. The distributions show fade levels from 0 to 20 dB over
the probability range 1 to 100%. Low gain mode fades are
calculated up to 15 dB and the high gain mode levels to 25 dB.
3.1 Worst Case Fade Levels
Consider the family of 15 fade distributions depicted in
Figure 2. The runs are characterized as follows: (a) they were
made in rural or suburban areas, (b) they all show fades due to
trees and utility poles of i0 dB or more at the 1% probability,
and (c) they represent measurements made with ETS-V in the low
gain mode.
A physical interpretation relating the individual curves to
specific roadside parameters is difficult; each road has varying
densities of trees and utility poles along the sides with
different setbacks, and also a variable local azimuth to the
satellite due to bends in the roads. The worst case distribution
in the set shown (Run 377) has an average 1:30 o'clock azimuth
direction, but the road is winding along a small river and has
large local direction changes. The many trees along this narrow
road have only minimal setback and their branches frequently
extend over the pavement. The smallest level fade distribution
(Run 322) has an azimuth of 10:30, also in between the maximum
and minimum shadowing geometry. The trees along this wide multi-
lane road are not very close to its edge. We note that fades
exceed values from I0 to 15 dB and 1 to 8 dB at the 1 and 10%
probability, respectively.
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3.2 Comparison with Empirical Roadside Shadowing (ERS) Model
In Figure 3 we have combined the distributions for the 15
individual runs of Figure 2 into a single distribution comprising
403 km of roads. Also plotted is the fade distribution as
predicted by a model empirically derived from data obtained in
the United States over 640 km [5], valid in the probability
interval from 1% to 20%. The maximum difference between the two
distributions is less than 2 dB at the 14% probability level.
The ERS model has the following form:
F = -M * Ln(P) + B
where the slope M =
(for 20% > P > 1%) (I)
3.44 + 0.0975*8 - 0.002*82 (2)
and the offset B = -0.443*8 + 34.76, (3)
and F is the fade depth exceeded in dB for P percentage of
distance traveled. The angle e is in degrees and corresponds to
the elevation to the satellite. The model represents the average
fade statistics for various road types with predominantly tree
and some utility pole roadside obstacles. It includes different
sides of the roads driven as well as different directions of
travel. The model distribution in Figure 3 for e = 51 ° is given
by
F = -3.21 * Ln(P) + 12.2 . (4)
3.3 Distributions from Low and High Gain Receiving Antennas
Figure 4 illustrates a very heavy shadowing case. We note
that the high gain antenna experiences consistently more fading
than the low gain system, up to approximately 3 dB at 0.4% of the
distance traveled. The attenuations for both antennas are due to
a combination of tree absorption of the direct energy and
scattering of energy out of and into the antenna beam. When the
beam is narrower, less power is received via scattering.
Conversely, the low gain, azimuthally omni-directional antenna
receives more scattered multi-path contributions. Nevertheless,
the higher gain antenna has i0 dB more gain and the net power
received by it is still higher (7 dB more at 4% probability).
For runs in which the line of sight was shadowed only
occasionally, less than 1 dB fade differences existed.
3.4 Comparison of ETS-V and INMARSAT Measurements
Figure 5 is based on data taken over a 55 km tree lined
road in the hills to the west of Sydney. This road was generally
west-to-east, but made many turns in order to follow the contours
of the landscape. Added into this figure have been the estimates
of the median cumulative distribution functions predicted from
the ERS model. For both satellites there is a tendency to
overestimate fades below about 5 dB, but the error is less than
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1 dB. The elevation angle dependence is well represented by the
model•
• Co- and Cross-Polarization Measurements
Figure 6 shows distribution functions for a pair of runs
made sequentially along a rolling, suburban road lined with trees
and utility poles, using high gain co- and cross-polarized
antennas• The isolation between the two polarizations in the
absence of nearby scatterers was better than 18 dB. Plotted are
for Run 406 (copolarization) the percentage of the distance the
fade exceeded the value on the abscissa and for Run 408 (cross-
polarization) the percentage of the distance the fade was less
than the abscissa. The horizontal distance between the curves
gives an estimate of isolation between the two channels.
Since the data sets were not collected simultaneously, they
cannot be used to determine the instantaneous polarization
isolation. However, assuming that the occurrence of
depolarization was highly correlated with shadowing, one can make
reasonably accurate isolation estimates in the central range of
percentages (about i0 to 60%). At the 10% level the fade values
of 8 and 14 dB indicate an isolation of only 6 dB. The isolation
is roughly inversely proportional to the fade threshold. Because
of the random polarization of signals scattered by roadside
obstacles, systems with any reasonable fade margin will not allow
frequency re-use techniques.
. Fade and Non-Fade Duration Statistics
From the viewpoint of designing an optimum system which
transmits coded messages over designated bandwidths, it is
important to know the length of time the land-mobile satellite
channel is available and unavailable without interruptions• We
have analyzed fade and non-fade duration distributions in order
to determine the statistical characteristics of unavailability
and availability, respectively•
5.1 Fade Duration
To reduce analyzing time and avoid effects of level
crossings due to thermal noise, the original data were compressed
by averaging over consecutive groups of eight samples• The
resulting time series were quantized into two levels for each
threshold examined, 2 to 8 dB at 1 dB increments. Durations have
been expressed in units of distance traveled rather than in units
of time, thus making them independent of the vehicle speed.
Cumulative distributions of fade durations are shown in
Figure 7 for Run 383. Results were derived typical of suburban,
rural, and heavy shadowing environments. Each of the many
distributions could be represented by a log-normal, except at
short durations of less than a wavelength (0.2 m). Contributions
there are thought to be mainly due to level fluctuations caused
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by the edges of obstacles. At 5 dB, all median values of
duration are around 0.3 m except for the case of the high gain
antenna, which has an average duration of about twice that value
(0.63 m). All values of the slope are about 1.2 to 1.5 m,
including the case of the high gain antenna. This means that
they do not depend on either roadside or antenna parameters.
Differences among the distribution curves for the various fade
thresholds are small. For example, typical fade distance
intervals at 1% are: 3..6 m, 4..8 m, 2..9 m, 7..10 m.
Summarizing, fade durations measured in the low gain mode are
shorter than those measured with a more directive antenna, but
their slopes are similar.
5.2 Non-Fade Duration Analysis
Non-fade duration is defined as the continuous distance
over which the fade levels are smaller than prescribed fade
thresholds. A non-fade duration analysis of the data set above
has been implemented using similar methods as those described for
the fade duration analysis.
Typical results are shown in Figure 8. Unlike Figure 7,
the ordinates in these graphs are scaled logarithmically. The
cumulative distribution curves may be approximated by straight
lines implying the exponential form,
P(d n > x) = b x -c (5)
where P(d n > x) is the percentage probability of the non-
fade distance dn exceeding the abscissa value x and where b and c
are constants. The value of c, which is the slope in the graph,
has a tendency to be larger for the heavier shadowing conditions.
As this tendency is consistent for sufficient sample-size data,
the value of c might be used as a quantitative measure of
shadowing. Any difference due to threshold levels is small.
Non-fade durations measured in the high gain mode are somewhat
longer than those measured with the low gain antenna.
. Phase Fluctuation Analysis
During the data analysis, phase data was extracted from the
quadrature detected signals. Lower frequency components of the
phase, mainly due to oscillator drift or doppler shift changes,
were rejected by digital filtering. Distributions of the phase
fluctuations under the condition that the received signal level
is above a given fade threshold were determined. It was found
that the deeper the fade threshold the larger the phase variance.
Most distributions of phase fluctuations have such small
variances that they will not affect a demodulator at all. Phase
fluctuations with the high gain antenna are much smaller than
those with the low gain antenna. This means that the influence
of phase fluctuations to the demodulator can be ignored, except
in the case of very heavy shadowing condition with the low gain
37
antenna. It is clear that the LMSS channel characteristics can
be estimated by levels only, without any regard to phase.
7. Antenna Diversity Improvement
Above, it was shown that the average fade duration was of
the order of 1 m, inspiring the test whether one could achieve
significantly better performance of the MSS link if two antennas,
separated in the direction of driving, were used instead of just
one. The joint probability of the fade exceeding the threshold
at two antennas was calculated for antenna separations of i, 2,
5, and i0 m. Instead of using data collected with a second
antenna, however, the original data was delayed by the time the
vehicle needed to travel the separation distance. An example of
the resulting family of fade distribution functions is shown in
Figure 9. The diversity improvement factor DIF is defined by the
ratio of the single antenna probability of failure P0 to thejoint probability of failure P_ and Is a function of the fade
margin. The overall result can he expressed by the relation
DIF = 1 + [0.2 * Ln(d) + .23] * F (6)
where d (i..I0 m) is the antenna separation in meters and F
(3..15 dB) the fade margin in dB. For a separation of 2 m and a
fade margin of 5 dB, for instance, a DIF of 2.8 results, meaning
that a diversity system would fail in only less than half as many
locations as a single antenna system• With longer separation
(i0 m) and a higher fade margin (I0 dB) the DIF of 7.9 would
indicate an even more dramatic improvement. For the analysis
presented here, switching effects were not considered. An
examination of the fade duration statistics with antenna
diversity also showed that the number of fade events does not
necessarily decrease, but that their average duration is reduced.
• Summary and Conclusions
The Australian campaign has provided an enhanced MSS data
base of propagation information associated with shadowing,
multipath, antenna directivity, and cross polarization due to
roadside obstacles for various road types. The results described
here complement those acquired via satellite measurements in the
U.S., Canada, and Europe and provide information as to the
characteristics of fade statistics in a different continent.
We conclude the following from the results:
(a) The fade statistics due to roadside trees and utility
poles along rural or suburban roads in Australia are typical of
those in the U.S. with similar densities of roadside obstacles.
(b) The overall average fade distribution was found to
agree with the fade distribution predicted by the ERS model
within 2 dB and less over the probability range of 1% to 20%.
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(c) The employment of directive antennas for the severe
shadowing condition resulted in more fading than with a less
directive system. Although there is a fade increase for the more
directive system, this is more than offset by the significant
gain improvement for the system. Another advantage of the high
gain antenna is the fact that the non-fade duration is longer.
_d) Comparison of fade distributions along the same section
of roads employing the ETS-V and INMARSAT POR satellite
transmitter platforms demonstrated the ERS model scales well with
elevation angle.
(e) Frequency reuse does not appear to be a viable option
for MSS communications, since depolarization due to obstacles in
the vicinity of the line of sight reduces the isolation to
unacceptable levels.
(f) Fade duration cumulative distributions may be
approximated with log-normal fits. The fade duration expressed
in m of travel has been shown to be relatively invariant to the
threshold fade level. Typically, fade durations at 1%
probability range from 2 to 8 m. For runs exhibiting more
shadowing, fade durations are about 7 to i0 m at 1% probability.
This is approximately consistent with fade duration statistics
acquired in the U.S. for similar fade conditions [4].
(g) Non-fade duration cumulative distributions may be
described with good accuracy by power curve fits where the
exponent of the non-fade duration distance is representative of
the extent of roadside shadowing. When it is approximately 0.75
or larger, heavy shadowing is prevalent. Lighter shadowing cases
result in c in the range of 0.5 to 0.6.
(h) Phase fluctuations are generally so small that the
channel characteristics can be estimated from the levels only.
(i) Employing two antennas on the vehicle to obtain
diversity improvement, the fraction of the roads along which MSS
is faded into inoperability can theoretically be reduced by a
factor from 2 to 8. It may be difficult to achieve this
improvement in a real system, however, when the effects of
switching cannot be neglected.
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LMSS DRIVE SIMULATOR FOR MULTIPATH PROPAGATION
Praveen Vishakantaiah, Wolfhard J. Vogel
Electrical Engineering Research Laboratory
The University of Texas at Austin
i0100 Burnet Rd., Austin, TX 78758
Abstract--A three-dimensional drive simulator for the
prediction of LMSS multipath propagation has been developed. It
is based on simple physical and geometrical rules and can be used
to evaluate effects of scatterer numbers and positions, receiving
antenna pattern, and satellite frequency and position. It is
shown that scatterers close to the receiver have the most effect
and that directive antennas suppress multipath interference.
i. Introduction
Land mobile satellite service (LMSS) is a new
communications system which exploits the strengths of satellites:
continental coverage and mobility. It will enable telephone and
data service to vehicles traveling throughout the US, especially
in rural areas, away from mayor traffic arteries, where
terrestrial cellular service may never be established. The
design of this system is currently under way and the selection of
optimal system parameters, such as antenna pattern, modulation,
and coding, requires the knowledge of propagation impairments.
At L band, the intended frequency of LMSS, the two major
propagation effects are: (i) fading caused by obstructions in the
line-of-sight path between the vehicle and the satellite, and (2)
fading caused by the interference of the direct wave with
reflections from scatterers all around the vehicle. Several
approaches have been followed to quantify propagation effects.
Initially, hard- [Davarian, 1987] and software [Divsalar, 1985]
simulators were developed based on statistical assumptions of
shadowed multipath propagation derived from terrestrial mobile
propagation (Ricean and/or Rayleigh multipath, log-normal
shadowing). Subsequently, many field measurements of propagation
effects were made [see References in Vogel, Goldhirsh, and Hase,
1989], and their results were used to develop empirical [Vogel,
Goldhirsh, and Hase, 1989] and semi-empirical [Barts et al, 1987]
propagation models. Recently, measurement results have also been
used for refining simulators [Berner, 1989].
Although most existing simulators can estimate system
performance such as bit error rate as a function of a particular
coding and modulation scheme, they are incapable of predicting
effects of the distance to and density of the scatterers, the
channel bandwidth, or the vehicle antenna pattern. An exception
to this is a simulation by Amoroso and Jones [1988], in which a
random distribution of i000 scatterers was assumed to exist in
the plane of the vehicle's path. However, the drawbacks of this
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study were its two-dimensional approach, which eliminated
realistic elevation angle and antenna effects, and the avoidance
of any scatterers in proximity to the vehicle, which in field
measurements have been shown to dominate the signal variations in
the absence of shadowing. The simulator described here remedies
these deficiencies. It is an extension of a single scatterer
multipath drive simulator [Vogel and Hong, 1988], which was based
on simple physical and geometric considerations. The new version
allows a vehicle to be driven through a region with many randomly
distributed, point-source multipath scatterers. The output of
the drive simulator are time series of signal amplitude and phase
as well as Doppler spectra, all for user-specified conditions.
These outputs, in turn, can be used to calculate system
performance parameters. The simulator does not consider
shadowing, and this limits its application to low fade margin
systems, where multipath fading effects determine system
performance most of the time. This is because shadowing tends to
completely disrupt transmissions.
2. Model Derivation
The derivations are based on the single scatterer geometry
shown in Figure i, consisting of a satellite transmitting with
wavelength w from given azimuth and elevation directions (St,¢t)
relative to a vehicle moving with speed v along the x-axls, an
arbitrary vehicle antenna pattern (directivity D(8,¢)) , and a
point-source scatterer s with a given scattering cross section a
and an arbitrary location. The resultant electrical field
strength at the receiver is proportional to [Vogel and Hong,
1988]:
Powerto t = [(I + Zereal )2 + (Zeimag) 2]
_.D(es,¢s) 2_
Er(t ) _ 1 + * exp[-j [p-a(t)+R(t)]] (i)
24_R (t) D(St,¢t ) w
where p-a(t) is the distance between the plane wave through
the origin and the scatterer and R(t) is the distance between the
scatterer and the vehicle antenna. The variable part of the sum
is the contribution of the single scatterer. In order to obtain
the total field at the receiver due to many scatterers, the
vector sum of the constant incident field and all the scattered
fields e is formed and the relative total power and phase are
calculated from:
i/2
(2)
Zeimag
Phaseto t = arctan[ ] (3)
1 + Zereal
where the summation includes the real or imaginary parts of
each scatterer's response e to the incident wave.
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The power spectral density of the received wave is
calculated by accumulating values of instantaneous power and
Doppler frequency at i000 samples per second, where the
instantaneous frequency is the time derivative of the phase of
the combined scattered waves, excluding the direct wave:
6(Phasescat ) 6 Zeimag
fd = = -- arctan[ ] (4)
6t 6t Zereal
All calculations were performed for time durations of 1
second, corresponding to a driving distance of about 25 m at a
speed of 55 mph.
• Model Validation
The operation of the model was validated by comparing the
predicted power and phase assuming a single scatterer to the
results from measurements, both with similar parameters. One
example of this is shown in Figure 2, which depicts the situation
in which the satellite illuminates the vehicle from 7 o'clock
with an elevation angle of 35 ° at a frequency of 1547 MHz. The
speed is 54 mph, and a scatterer (a = 32 m2)is located 3 m to the
right and 4 m above the vehicle antenna• The measured and
calculated power time series are quite similar• Furthermore,
parameters such as the position of the satellite or the scatterer
were varied systematically, and the results changed consistently
with expectations and measurements, where available.
Another test consisted of comparing the simulated power
spectral density to the theoretically expected one [Clarke,
1968]. Figure 3 demonstrates that the simulation model produces
the correct Doppler spectrum, centered on the received carrier
frequency. The shape shows the typical signature of mobile
propagation, a sharply bandlimited spectrum with maximum power at
the edges. The frequency deviation of the scattered wave
(±120 Hz) agrees with the value expected from the geometry.
4. Results
4.1 Comparison with 2D simulation
The two-dimensional simulation by Amoroso and Jones
considered i000 scatterers randomly distributed in an annular
region with an outer radius of 2000 m and an inner radius of
400 m, corresponding to an average scatterer density of 12,000
m'/scatterer. Their simulated fading record of unmodulated
carrier power for an omni-directional antenna, reproduced in
Figure 4, shows peak-to-peak variations of over 20 dB. The
corresponding output of the 3D simulator, for a drooping dipole
antenna and with the height of the scatterers randomly
distributed between 0 and i0 m, is shown in Figure 5. The range
of the received power is less than 1.5 dB and this is in
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agreement with measurements made in locations where no scatterers
are in the vicinity of the vehicle.
4.2 Dependence of signal variations on clearance
Similar cases to the one above, except for an outer radius
of 500 m and the much higher average scatterer density of 625
m'/scatterer, were run with inner clearance radii from 30 to
400 m. The result, depicted in Figure 6, demonstrates that
multipath phenomena for LMSS are significant only if the
scatterers are located closely to the vehicle. The standard
deviation of the logarithmic amplitude decreases monotonically
with increasing inner clearance, from 0.22 dB to 0.07 dB.
4.3 Antenna pattern effects
In order to demonstrate the efficiency of high-gain
antennas in reducing multipath interference, several calculations
were performed with an antenna having 80 ° half power beamwidth in
both azimuth and elevation planes. Tests with a single scatterer
located either in the direction to the satellite or opposite to
it resulted for the drooping dipole antenna in fades >i0 dB
(both cases) and for the high-gain antenna in fades >i0 dB and
<i dB, respectively. The suppression of the multipath
interference by the antenna patterns remains in effect as long as
the antenna is pointed at the satellite.
In an environment with many scatterers, the reduction of
the fluctuations is not as extreme, but still significant. For
the case of 500 scatterers within a I0 to 300 m annulus, the
peak-to-peak fluctuations were reduced by a factor of 4.5, from
7.2 dB to 1.6 dB.
5. Conclusion
A three-dimensional drive simulator has been used to
calculate signal level time series for LMSS. The simulator
allows the realistic inclusion of many scatterers in random
positions as well as arbitrary antenna patterns. The major
conclusions reached from this work are:
(I) Two-dimensional simulations overestimate multipath,
because the elevation angle selectivity of the receiving antenna
has to be neglected. Therefore they cannot be used to predict
either amplitude, phase, or bandwidth effects realistically.
(2) The three-dimensional simulator demonstrates that only
scatterers in the immediate vicinity of the receiver matter. As
a consequence, the delay spread spectrum is narrow and has no
detrimental impact on contemplated systems with channel
bandwidths of 5 kHz. (3) Time-series produced with this
simulator will give more realistic inputs to systems which
analyze bit error performance than those based on statistical
assumptions only.
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Abstract--Propagation experiments for maritime, aeronautical and
land mobile satellite communications have been carried out using
Engineering Test Satellite-five (ETS-V). The propagation experiments
are one of major missions of Experimental Mobile Satellite System (EMSS)
which is aimed for establishing basic technology for future general
mobile satellite communication systems. This paper presents a brief
introduction for the experimental results on propagation problems of
ETS-V/EMSS.
1. Introduction
Ministry of Posts and Telecommunications (MPT) of Japan has
promoted experiments on mobile satellite communications using an
Engineering Test Satellite-five (ETS-V). The experimental system is
called Experimental Mobile Satellite System (EMSS) (Hase et al, 1986).
The EMSS consists of the ETS-V, a feeder link earth station at Kashima
and several kinds of mobile earth stations including a small ship, an
aircraft, land mobiles and a hand carried terminal. The ETS-V is
maintained in a geostationary orbit over the Pacific Ocean (150deg. E).
Communications Research Laboratory (CRL) is leading the EMSS
experiments, and both Nippon Telegraph and Telephone Co. (NTT) (Mishima
et al, 1988) and Kokusai Denshin Denwa Co. (KDD) (Yasuda et al, 1989)
are participating in the experiments to establish basic technology of
future mobile satellite communication systems. This paper describes a
brief introduction of the experimental results on propagation problems.
2. Maritime satellite channel
2.1 Outline of experiments
On board experiments have been carried out using a fish training
ship of Hokkaido University (1700 tons). The cruising courses for the
experiments are shown in Fig. l. A ship earth station for small ship
consists of an improved short backfire antenna (40 cm in diameter and
15dBi in gain) with a mechanical stabilizer and of communication
terminals with several kinds of MODEMs and CODECs. The antenna system
has a fading reduction circuit for compensating the fading effect due to
sea surface reflection, because this effect can not be neglected in low
elevation areas to the satellite (Ohmori et ai, 1983). Fig.2 is a block
diagram of the fading reduction circuit. The circuit cancels out the
co-polarized and cross-polarized signal components caused by the sea
reflection by adjusting an attenuator and a phase shifter to make both
components same in amplitude and out of phase each other.
2.2 Sea reflection fading
Fig.3(a)(b) show the received signal levels at elevation angle of
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5.9deg. without/with a fading reduction circuit, Fig.3(c) shows the
received signal level of the cross-polarized component and Fig.3(d)
shows wave height measured by an onboard microwave height detector,
respectively. Apparently the amount of fading is reduced by the fading
reduction circuit. This fact is confirmed by considering cumulative
distribution as in Fig.4 in which the received signal levels are found
to fit to the Rician distribution and a fading depth of 10.9dB is
reduced to 1.4dB. The observed fading depths at various elevation
angles are plotted in Fig.5. It should be noted that the larger the
wave height is coming up to 0.Sm in standard deviation and the lower the
elevation angle is going down, the fading is becoming deeper (lkegami et
al, 1989).
2.3 Blocking effect of above deck structures
The antenna system is installed on the upper deck near a radar mast
in order to evaluate the blocking effect to the transmitting and
receiving signal to/from the satellite. Fig.6 shows an overlook of the
antenna and the mast, on which some radar antennas are installed as
indicated by a dotted circle. When a beam of the antenna is shadowed by
the mast, the received signals are suffered from blocking effect. Even
if the beam is partly shadowed, by the scattering effects due to the
mast, the received signal consists not only of a co-polarized component
but of a cross-polarized component. Fig.7 shows the co- and cross-
polarized components of received signals under the slight shadowing
condition. The cumulative distributions of the co- and cross-components
are shown in Fig.8. The co- and cross-components are found to fit to
the Rician and Gaussian distribution, respectively.
3. Aeronautical mobile satellite channel
3.1 Outline of experiments
In-flight experiments were carried out using a Japan Air Line (JAL)
Boeing-747 cargo plane between Tokyo and Anchorage. Three additional
flights from Tokyo to Singapore, from Anchorage to Los Angles and from
Bangkok to Tokyo were conducted to collect data under various kinds of
antenna pointing conditions.
The onboard antenna subsystem is composed of two 16-element phased
array antennas, which is installed on the top of fuselage and its gain
varies from 12 to 15 dBi within scanning angles of 30 to 150 degrees in
azimuth. The coverage of the antenna is shown in Fig.9. Communication
terminals with several kinds of MODEMs and CODECs are installed in the
upper deck of a cabin.
3.2 Experimental results
As shown in Fig. 10(a), the fading effects by the sea reflection was
so small as to be neglected and a stable communication channel is kept
even in low elevation of 5deg. near Anchorage. The reason is that the
antenna is installed on the top of the aircraft body, so the reflected
signals by the sea surface were blocked by main wings and a fuselage.
However, in a certain condition, slow fluctuations of about 3dB were
observed as shown in Fig. 10(b). Fig. ll(a) illustrates the cumulative
distribution of the received signal revel. This effect is considered to
be the scattering from a main wing and its edge, because the beam
direction corresponds to the direction of a right side main wing (Hase
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et al, 1989). These experimental results are summarized in Fig. 12 .
An interesting point to note is that even in the case where the
elevation angles to the satellite were bellow 0 degree, the signals
from the satellite could be received as shown in Fig. 10(c) and
Fig. ll(b). This is because that at altitude of 30000ft., the satellite
can be seen with the elevation angles of -3 degrees.
4. Land mobile satellite channel
The effect of fading and shadowing due to terrains, trees and such
structures as buildings or traffic signs must be considered in land
mobile satellite communications. In order to evaluate these effects,
measurements were carried out on freeways (Tokyo-Kyoto, Tokyo-Yuzawa)
and on roads in urban Tokyo. In these experiments, the elevation angles
to the satellite are 46 to 48 degrees. The cumulative distributions of
the received signal level with an omnidi-rectional antenna are shown in
Fig. 13. On the freeways, the fading depths for a line-of-sight path are
only a few decibels, and a large amount of fade due to shadowing effects
appeared only 1-2% of the time. This result indicates that the land
mobile satellite communication is feasible on freeways. However, from
an example of urban experiments, about 30% of places are affected by the
shadowing effects. This result suggests that there would be some
difficulties in offering stable communication channels in the urban
are as.
Propagation experiments on a superexpress train "Shinkansen" are now
in progress, and the early result indicates that the effect of
electrical noise from pantographs of the train is a significant factor
in satellite channels for railways.
5. Conclusion
The results of ETS-V propagation experiments are briefly reported.
The most of experiments have now been in progress and a large amount of
data are now analyzed. Especially experiments on land mobile satellite
channels have just started. The results of the experiments on
aeronautical satellite channels are expected to contribute to the early
introduction of commercial aeronautical satellite services.
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Plan of Advanced Satellite Communication Experiments using _VI
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Kashima, Ibaraki, 314 Japan
Abstract--In 1992, an Engineering Test Satellite VI is scheduled to
be launched by an H-II rocket. The missions of ETS-VI are to establish
basic technologies of inter-satellite communications using S-band,
millimeter waves and optical beams and of fixed and mobile satellite
communications using multibeam antenna on board the satellite. This
paper introduces a plan of the experiments.
l.lntroduction
An Engineering Test Satellite VI (ETS-VI) is a 2-ton class, three
axis stabilized satellite as shown in Figure l, which is scheduled to be
launched in 1992 by an H-II rocket. One of main missions of the ETS-VI
is to develop basic technologies for advanced satellite communication
systems in the future. This paper presents brief introduction for a
plan of propagation and communication experiments using the ETS-VI.
2.Experimental system
The major characteristics of the ETS-VI and experimental
communication payloads are summarized in Table 1. The ETS-VI has basic
missions to establish advanced technologies such as inter-satellite
communications, mobile satellite communications and fixed satellite
communications (Shiomi et al, 1988) (Nakagawa et al, 1988)(Kitahara et
al, 1989). Communlca0.Qns Research Laboratory (CRL) has three missions,
and these are summarized as follows.
(1)S-band inter-satellite communications
CRL develops S-band (2.3/2.1GHz) inter-satellite communication
payload (SIC) with a multibeam phased array antenna in cooperation with
National Space Development Agency of Japan (NASDA). The specification
of the SIC is summarized in Table 2. The SIC is compatible with the S-
band Multiple Access (SMA) system of NASA's TDRSS. CRL and NASDA plan
to conduct fundamental tracking and data relay experiments between ETS-
VI and low orbit satellites. The SIC can also be used for the data
relay of TDRSS SMAts user satellites. Figure 2 shows a concept of an S-
band inter-satellite communication system.
(2)Millimeter wave satellite communications
CRL develops a millimeter wave (43/38GHz) transponder on the basis
of research through the ETS-II (1977) and Japanese ECS (1979) satellite
programs. The frequencies 43/38GHz are selected considering the
atmospheric attenuation allowable in personal satellite communications
and the achievable technology level of millimeter devices. The major
specifications of the millimeter wave transponder are summarized in
Table 3. The objectives of millimeter wave mission are to develop high
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data rate inter-satellite communication technology and to study the
feasibility of personal satellite communication system. Figure 3 shows
a concept of this mission.
(3)Optical inter-satellite communications
CRL develops an optical communication system with a telescope of 75
mm in diameter, which has a beam pointing tracking mechanism with a
gimbal mirror. The onboard optical communication payload (Laser
Communication Equipment, LCE) has fundamental optical communication
functions with a laser diode transmitter of wave length 0.83 micron, a
beam point-ahead mechanism, a receiver of wave length 0.51 micron,
modulator/demodulator subsystems, and so on. These feature are
summarized in Table 4, and a concept of this mission is shown in Fig. 4.
3.Frequency bands available for propagation experiments
The following frequency bands, which are used for corresponding
missions, can be used for the propagation experiments.
2.3/2.1GHz
2.6/2.5GHz
30/20 GHz
32/23 GHz
43/38 GHz
590/360THz
S-band inter-satellite communications
Mobile satellite communications
Feeder links for the ETS-VI
Ka-band inter-satellite communications
Millimeter wave satellite communications
Optical inter-satellite communications
4.Conclusion
Experiments on advanced satellite communications will start in 1992
using an ETS-VI satellite. Propagation experiments are scheduled to
carry out with several frequency bands such as 2GHz, 20GHz, 40GHz and
590THz.
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Fig. 1 ETS-VI
Table 1 Features of ETS-VI
Bus System
Shape
Weight
Attitude Control
Life
Electric Power
Launch Vehicle
Launch Date
Rectangular body
with deployable solar paddles
Approx. 2 tons (beginning of life)
Payload capacity 660 kg
3-axis-stabilization
10 years for satellite bus
4100 W (end of life at summer solstice)
H-II rocket
Summer 1992
Payloads for Communications Experiment
Fixed and Mobile Satellite Communications
S-band Inter-satellite Communications
K-band Inter-satellite Communications
Millimeter-wave Satellite Communications
Optical Satellite Communications
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Table 2 System performance of SIC
Frequency (GHz)
Data Rate
Modulation
Bandwidth
Antenna
Field of View
Forward 2.1034-2.1094
Return 2.2845-2.2905
Less than 1.5 Mbps
PCM-PSK/SSMA
6 MHz
Multibeam Phased Array
20 degrees (covering satellites
below i000 km altitude)
Return Link Number of Beams 2
Minimum Gain 27.4 dB
Polarization LHC
(FOV)
Forward Link Number of Beam 1
Minimum Gain 27.1 dB (FOV)
EIRP 35.5 dBW
Polarization LHC
E T S-VI
Feeder Link
Earth Station
Fig. 2 S-band inter-satellite communications
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Table 3 Specifications of ETS-VI millimeter-wave transponder
Frequency
Receive 43.0 GHz
Transmit 38.0 GHz
IF 1.98 GHz
Receiver NF 6.0 dB
(LNA front-end)
Transmit Power 0.5 W
(SSPA)
Local Oscillator
Stability 3xlO -7
Phase Noise -75
(-I0 to +40 deg C)
dBc/Hz
PORTABLE TV-PHONE
NEWS GATHERING _ w_ _ _"
and DELIVERY I _ _. _ _ _3
xx -_ ,t
MOBILE INFORMATION SERVICE AND UNIVERSITIES
Fig. 3 Millimeter-wave personal communications via ETS-VI
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Table 4 Main Features of LCE
Antenna
Tracking and Pointing
Coarse
Fine
Point-ahead
Receiver
Transmitter
Modulation
Mechanism
75 mm diameter telescope
FOV 0.46 deg
Two-axis gimbal mirror and CCD sensor
Beam steering angle 3.0 deg
Fine-pointing mechanism with mirrors
and 4QD ( FOV: 400 microrad)
Pointing accuracy 2 microrad
mirrors on laminate-actuators
Wave length 0.51 micron
Bit rate 1Hbps
Detection Direct detection
by APD (FOV:200 microrad)
Redundant laser diodes(AiGaAs)
Wave length 0.83 micron
Transmit power i0 mW
Bit rate 1 to I0 Mbps
Intensity Modulation
with Manchester code
GEO
Station Fixed Ground Station
,_ _, ETS-VI
/lit "".-,
fill ":,-,
Down Link// II up
II !1 "-_,,II II
(CRL,Tokyo)
Fig. 4 Experimental system of optical satellite communications
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LMSS Modeling Status Report
Warren L. Stutzman and R. Michael Barts
Satellite Communications Group
Bradley Department of Electrical Engineering
Virginia Tech
Blacksburg, VA
Abstract--The need to develop accurate models for
secondary statistics of fading land mobile satellite signals
has motivated a study of fading signal autocorrelations and
multipath spectrum. Results of autocorrelations and power
spectral densities from measured data are presented and
comparisons to multipath spectrum models are made.
I. Background
Previously we have reported on the development of a
software propagation simulator used to simulate fading of
Land Mobile Satellite System (LMSS) signals for arbitrary
propagation conditions (Stutzman, et al., 1988; Barts and
Stutzman, 1988). The simulator generates signals using two
data bases of signal components derived from experimental
data.
The measures of performance used to evaluate the
simulator are its ability to reproduce the primary fading
statistics, cumulative fade distribution, and secondary (or
conditional) fade statistics, average fade duration and level
crossing rates, of experimental data. Previously reported
results (Barts and Stutzman, 1988) have shown that the
simulator reproduces primary fade statistics for a wide
variety of experimentally measured propagation conditions.
However, the simulator results for secondary statistics are
not satisfactory.
The simulator is constructed to produce accurate primary
statistics, but has no inherent model for secondary
statistics. The secondary statistical behavior of the
simulator is determined by the secondary statistical behavior
of the data bases used to construct the simulated signal.
Thus, it is important that we correctly process the
experimental data when generating the simulator data bases to
extract both the correct primary and secondary statistical
behavior. However, the processing techniques in use only
assure us of extracting primary statistics correctly.
The need for secondary statistics modeling capability
led us to a review of the data processing used to generate
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the simulator data bases and a study of models for secondary
statistics. We began these studies by looking at the dynamic
fading signal behavior as represented by the signal
autocorrelation. These were used as a stepping stone for
examining the spectra of fading signals and comparing them
with various multipath models. With these models we are
attempting to develop models for the secondary statistics,
for which no satisfactory models currently exist. Our
approach is based on the modeling of Jakes (1974) wherein if
we can establish an appropriate model for the multipath
spectrum, we can derive analytical expressions for the
secondary statistics.
2. Autocorrelation Studies
The autocorrelation of a signal is a measure of how fast
the signal changes with time. We can also consider it a
rough measure of the duration of a scatterer's influence upon
a fading signal. The broader the autocorrelation function,
the slower the signal fades and the longer the period of time
an individual scatterer dominates the received signal.
The autocorrelation function is defined as
Rzz(_ ) = < z(t-_)z*(t) > (I)
where z(t) = x(t) + j y(t) is a complex signal.
of (i) more suitable for evaluation is
A form
Rzz(_) = RXX(T) + Ryy(T) - j[ Rxy(_) - Ryx(_) ] (2)
where Rx_(T ) and Rvv(_ ) are the autocorrelations of the real
and imaglnary comp_hents of the complex signal, respectively.
Rxv(_ ) and Rvx(T ) are cross correlation between the real and
imaginary signal components. We have found that for the
experimental data we have that these cross correlations are
usually approximately equal resulting in a real
autocorrelation function, but this is not always the case, as
discussed below.
The autocorrelation as defined in (i) is the expected
value of z(t-_)z*(t). When we calculate the autocorrelation
of a 1.024-second record of data, we are calculating the
autocorrelation of but a single realization of a stochastic
process. If we consider consecutive 1.024-second records of
experimental data to be multiple realizations of the same
process, we can average the resulting autocorrelations to
find the expected value function. This is the technique we
have used to analyze experimental data. This is also useful
for calculating power spectral densities, as discussed below.
Figure 1 is an example of an autocorrelation of balloon data
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collected by Vogel (1985). Notice that the real part of the
autocorrelation is smooth and slowly varying. This is
indicative of signal data that is relatively smooth and does
not have rapid fading. Figure 2 shows the signal data from
which the autocorrelation function of Figure 1 was derived.
Notice that, indeed, the signal data are relatively smooth and
free of rapid fading. This is due in part to the slow
vehicle speed (8 mph) during data collection, but the data
also suggests a scarcity of scatterers or shadowing. Notice
that the imaginary component of the autocorrelation in Figure
i, while small, is not negligible. This indicates a
correlation between the real and imaginary signal components
that is unexplained.
Figure 3 is an example autocorrelation for helicopter data
collected by Vogel and Goldhirsh (1988). Figure 4 is the
corresponding signal data. Notice that the helicopter
autocorrelation function falls off more rapidly and is not
smoothly varying. This is indicative of rapid fading and
Figure 4 confirms this. The imaginary part of the
autocorrelation function for the helicopter data is very
small and can be considered negligible.
These examples were taken from single 1.024-second records of
data, but the are indicative of the results using averaging.
Data from Vogel and Goldhirsh's measurements with the MARECS-
B2 satellite (Vogel and Goldhirsh, 1988) have also been
analyzed (not included here for the sake of brevity) and are
very similar to the helicopter data, which is expected since
the two measurements were taken in the same geographical
area.
These results give us some insight into processing the
experimental data to create the databases used in the
propagation simulator. To create the "lognormal" data base,
the lognormal component of the signal is estimated by using a
running average window. The size of the window was chosen
empirically. When dealing with data that are markedly
different, such as balloon and helicopter data, empirically
choosing the window size is not an optimum technique. By
examining the autocorrelation of the signal, we can make an
informed judgement about the window size.
3. Power Spectrum Studies of Fading Signals
The fading signal power spectrum is related to the
autocorrelation of the signal by a Fourier transform. Using
the autocorrelation of the signal to obtain the power
spectral density (psd) of a signal has several advantages
over using a direct FFT of the signal data. When dealing
with a signal in the presence of noise, the autocorrelation
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calculation acts as a noise filter, since Gaussian noise is
decorrelated. This is particularly helpful when dealing with
fading signals which are noisy. The resulting signal psd is
not as corrupted as those from a direct FFT. Secondly, it is
computationally easier to average the psds of multiple data
records by averaging the record autocorrelations. By
averaging the psds of multiple records, the important
structures of the multipath spectrum become more clearly
defined. Using this technique we calculated the multipath
spectra for th_ experimental data from the balloon,
helicopter, and satellite measurements. These spectra are
used to develop and verify models for the multipath spectrum.
They are also being used to design the filters for the data
processing used in the propagation simulator.
Figure 5 is a spectrum average from i0 seconds of
balloon data. The carrier is obvious at the edge of the
graph and the multipath spectrum cuts off rather sharply at
approximately 80 Hz. This was somewhat surprizing, since the
vehicle speed during these measurements was approximately 8
mph. This spectrum taken alone suggests then that the
velocity of the balloon was approximately 60 mph. The spike
at the edge of the multipath spectrum is an important feature
because it is predicted by the Jakes multipath model, which
is discussed below.
Figure 6 is a spectrum average from I0 seconds of
MARECS data. In this spectrum the multipath does not have a
well defined cutoff. Notice also that the carrier-to-
multipath ratio is much smaller than in the helicopter data.
This is indicative of a larger number of scatterers in the
propagation environment.
3.1 Multipath Spectrum Models
The purpose of the spectrum studies discussed above was
to provide a basis for choosing a model of the multipath
spectrum that could be used in developing a model for
secondary statistics. The simplest and most commonly used
multipath spectrum model employ s an assumption of scattered
waves uniformly spatially distributed around the vehicle.
This is the Jakes model (Jakes, 1974). The theoretical
spectrum for this model is shown in Figure 7. It has a width
of 2f m where fm is the maximum doppler frequency. Notice the
asymptotic behavior of the spectrum at the edges. The
behavior of the balloon spectrum shown in Figure 5
corresponds closely to this model.
The MARECS spectrum of Figure 6 looks very different
from the Jakes multipath model. This could be due to
assumptions upon which the Jakes multipath model is based.
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The model assumes that the scatterers are in the far field of
the vehicle, and that the scattered fields are plane waves.
This would not be true for roadside tree scatterers.
Secondly, the Jakes model assumes a uniform spatial
distribution for the scattered signal. This produces the
asymptotes at the edges of the multipath spectrum, which are
products of the scattered signals directly in front of and
behind the vehicle. Buttin reality, points directly in front
of and behind the vehicle are relatively clear of scatterers.
The assumption that the scattering from in front of and
behind the vehicle is the same as the scattering from the
sides is referred to as the "brick wall" fallacy.
Recent work by Campbell has produced a multipath
spectrum model that agrees more closely with the result shown
in Figure 6. Campbell has simulated a large number of random
scatterers along the side of the road in the near field of
the vehicle. Figure 8 is an example of the multipath
spectrum predicted by Campbell's simulation. While this
model still has a well defined cutoff, it is closer to the
helicopter and MARECS spectra we observed than the Jakes
model.
4. Conclusions
Our recent efforts in modeling and simulation of fading
LMSS signals have concentrated on understanding the spectrum
of the fading signals. In our effort we are have examined
the autocorrelation of the signal as well as the signal power
spectral density. In order to improve the signal processing
used in the propagation simulator, we need to look at both
the signal autocorrelation and power spectral density. These
will allow us to make informed decisions on how to design
filters used to extract the signal components.
Our study of multipath spectra is a step toward finding
appropriate analytical models for the secondary fading
statistics. The spectra from experimental data shown here
have been compared to two different multipath spectrum
models. The results indicate that the Jakes multipath model
may be appropriate for slow, shallow fading, such as observed
in the balloon measurements. Where there is rapid, deep
fading and scatterers are in close proximity of the vehicle,
the multipath spectrum produced by Campbell's simulation may
be appropriate, as indicated by the helicopter and MARECS
measurements.
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PROPAGATION DATA FOR AERONAUTICAL MOBILE-SATELLITE SYSTEMS
FOR FREQUENCIES ABOVE 100 MHz
• Introduction
Propagation effects in the aeronautical mobile-satellite service
differ from those in the fixed-satellite service and other mobile-
satellite services because:
- small antennas are used on aircraft, and the aircraft body may
affect the performance of the antenna;
- high aircraft speeds cause large Doppler spreads;
- aircraft terminals must accommodate a large dynamic range in
transmission and reception;
- due to their high speeds, banking maneuvers, and 3-dimensional
operation, aircraft routinely require exceptionally high
integrity of communications, making even short-term propagation
effects very important•
This report discusses data and models specifically required to
characterize the path impairments, which include:
- tropospheric effects, including gaseous attenuation, cloud and
rain attenuation, fog attenuation, refraction and scintillation;
- surface reflection (multipath) effects;
- ionospheric effects such as scintillation;
- environmental effects (aircraft motion, sea state, land surface
-type).
Aeronautical mobile-satellite systems may operate on a worldwide
basis, including propagation paths at low elevation angles. Several
measurements of multipath parameters over land and sea have been con-
ducted. In some cases, laboratory simulations are used to compare
measured data and verify model parameters. The received signal is con-
sidered in terms of its possible components: a direct wave subject to
atmospheric effects, and a reflected wave, which generally contains
mostly a diffuse component•
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In this Report, data are presented in terms of path elevation
angle instead of grazing angle• For paths to geostationary satellites
at elevation angles above 4 ° , and aircraft heights below 10 km, the
maximum difference between elevation angle and grazing angle is 1 °.
There is current interest in using frequencies near 1.5 GHz for
aeronautical mobile-satellite sytems. As most experiments have been
conducted in this band, data in this report are mainly applicable to
these frequencies• As aeronautical systems mature, it is anticipated
that other frequencies may be used.
• Tropospheric effects
For the aeronautical services, the height of the mobile antenna
is an important parameter• Estimates of tropospheric attenuation for
several antenna heights are provided in Table I.
Predictions of the 30-GHz rain attenuation exceeded for 0.I per-
cent of the time are shown versus aircraft height for several CCIR rain
zones (S 4.2.1 of Report 563) in Figure 1 for a path elevation angle of
i0 ° The model assumes surface-based terminals, and may be less
accurate for airborne terminals.
The received signal may be affected both by bulk refraction and
by scintillations induced by atmospheric turbulence, as discussed in
Report 718. These effects may be moderated for aircraft at high alti-
tudes. Experimental data are discussed in Report 564.
, Ionospheric effects
Ionospheric effects on slant paths are discussed in Study Group 6
texts (see Report 263). These phenomena are important for many paths
at frequencies below about i0 GHz, and are strongest within ± 15 ° of
the geomagnetic equator, and secondarily within the auroral zones and
polar caps. Ionospheric effects peak near the solar sunspot maximum.
Impairments caused by the ionosphere will not diminish for the
typical altitudes used by aircraft. A summary description of ionospher-
ic effects of particular interest to mobile-satellite systems is availa-
ble in § 3 of Report 884. For most communication signals, the most se-
vere impairment will probably be ionospheric scintillation• Table I of
Report 884 provides estimates of maximum expected ionospheric effects
at frequencies up to I0 GHz for paths at a 30 ° elevation angle.
Measurements of ionospheric scintillation were conducted in one
aeronautical mobile-satellite experiment [Sutton et al., 1973a]. A
signal was transmitted between the ATS-5 satellite and a KC-135
aircraft parked at the Pago Pago airport (geomagnetic latitude of 17 °
South)• During a period of severe scintillation, the peak-to-trough
signal variations exceeded 4 to 6 dB, and the 1-percent fade depth
approached 3.2 dB.
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Figure 1 - Predicted 30-GHz rain attenuation at i0 ° elevation
angle for 0.i percent of the time vs height above sea level
for several rain climate zones; latitude less than 36 °
, Fading due to surface reflection and scattering
4.1 General
Multipath fading due to surface reflections for aeronautical
mobile-satellite systems differs from fading for other mobile-satellite
systems because the speeds and altitudes of aircraft are much greater
than those o_ other mobile platforms. Characteristics of fading for
aeronautical systems can be analyzed with procedures similar to those
for maritime systems described in Report 884, taking careful account of
earth sphericity, which becomes significant with increasing antenna
height above the reflecting surface [Yasunaga et al., 1986].
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Table I - Estimated tropospheric attenuation for an elevation
angle of i0 °, one-way traversal, taking aircraft
altitude into account
Effect
Altitude (km)
Oxygen attenuation 1
0
1
2
3
4
5
6
Water vapor
attenuation 1
(7.5 g/m _ )
0
1
2
3
Cloud _ttenuation 2
(i g/m _)
(I - 3 km ht)
0
1
2
3
Fog attenuation 2
(0.5 g/m 3)
(0 - 150 m ht)
0
1
Rain attenuation 3
(0.1%, Zone K)
0
1
2
3
4
Magnitudes (dB) for specified frequencies (GHz)
1.5
0.19
0.16
0.14
O. 12
0.10
0.08
0.07
0.0016
0.0010
0.0006
0.0004
0.020
0.020
0.010
0.0
0.0006
0.0
0.013
0.011
0.008
0.005
0.0
7.5
0.23
0.19
0.16
0.14
0.12
0.i0
0.08
0.043
0.028
0.018
0.011
0.49
0.49
0.25
0.0
0.015
0.0
2.17
1.86
1.43
0.80
0.0
15
0.29
0.24
0.21
0.17
0.15
0.12
0.ii
0.26
0.16
0.ii
0.07
1.96
1.96
0.98
0.0
0.059
0.0
ii.i
9.5
7.3
4.1
0.0
2O
0.36
0.30
0.26
0.22
0.18
0.16
0.13
1.35
0.92
0.62
0.42
3.48
3.48
1.74
0.0
0.i0
0.0
18.2
15.5
11.9
6.7
0.0
3O
0.64
0.54
0.46
0.39
0.33
0.28
0.23
0.98
0.63
0.40
0.26
7.84
7.84
3.92
0.0
0.23
0.0
34.2
29.2
22.5
12.5
0.0
4O
1.52
1.29
1.09
0.92
0.78
0.66
0.56
1.17
0.75
0.47
0.30
13.9
13.9
7.0
0.0
0.42
0.0
47.8
40.9
31.4
17.5
0.0
1 Derived from the method of § 2.1.1 of Report 564-3.
2 Derived from models of Slobin [1982].
3 Derived from the method of § 2.2.1 of Report 564-3 for
rain climate zone K (§ 4.2.1 of Report 563-3).
74
Dec. USSG 5/13
T
e4
&
A
I-4
,'4
I
CO
CO
o
4.2 Fadina due to sea-surface reflections
4.2.1 Dependence on antenna height and antenna gain
Figure 2 shows the calculated relationship between antenna height
and 1.54-GHz multipath fading depth under rough sea conditions for an
antenna gain G 8 of 10 dBi and elevation angles e_ of 5 ° and I0 ° (Re-
port 884, § 4), assuming the main lobe of the antenna is expressed as
G(8) - - 4 x 10 -4 (i0 Gm/10 - i) 82 (dS) (i)
where:
Gm : value of the maximum antenna gain (dB); and
8 : angle measured from boresight (deg).
The fading depth is defined as the difference (in dB) between the sig-
nal level of the direct incident wave and the threshold level exceeded
by the resultant (direct plus multipath) signal for a specified time
percentage; in Figure 2 the time percentage is 99 percent. Although
the fading depth decreases with increasing antenna height, the fading
depth for an antenna at a height of i0 km is only 1 to 2 dB less than
that for a maritime system (antenna height of the order of i0 m).
Bit-error-rate data were obtained in a flight experiment conduct-
ed over the North Atlantic using a 1.54-GHz circularly-polarized signal
from a MARECS-A satellite [Zaks and Anderson, 1986]. A conformal micro-
strip antenna with a 0-dBiC beamwidth of 130 ° was mounted on each side
of the upper fuselage. The aircraft flew at a nominal height of
10.8 km and a nominal ground speed of 740 km/h. Carrier-to-multipath
ratios estimated from the BER data appeared to vary from 8.5 to 13 dB
over an elevation angle range of 4 ° to 17 ° .
4-5_.2.2 Freauane Y seat=rum of fadlne
The frequency power spectrum of s••-reflected waves depends
par=icularly on ai=craft flight speed, path elevation angle =o the satellite,
and the a•c•nding (or descendin s) angle of =he aircraft. For level flight, the
frequency spat=rum tends _o _ake • symmetrical shape with • flat portion
centred about _ha direct wave component. The -lO d3 spectral bandwidth measured
from _he centre frequency (i.e., the frequency of _he direc= wave component) is
abou£ 25 Hz and 50 Sz at path elevation angles of 5° and I0° . respectively. For
ascending or descendln s aircraft, the spectrum becomes asymmetric with the peak
di•placed fro• =ha centre. For example, wlth both elev•tlon angle and ascending
anal• of 5° , the peak is about 25 Hz from the centre of the spectrum.
4
_.2.3. Del• 7 tim• and coherent bandwid=h (direct and reflected)
_ e _
"_correlation off fading between _o radio waves ith different frequencies
decreases vi_h Increaslng frequency separation. The dependence of the
corrslatlon on antenna galn is small for gains less _han 15 dBi. F_gure _ 3
shows the relationship between antenna helght and coherent bandwidth, which is
defined as the frequency separation_for which =he correlation coefficient
becween Eve _adlo waves equals0.3_/(=i/e), The coheren_ bandwid%h decreases
as the an_erma heisht lncreues, becom_n s •bout 10 to 20 k_ (delay time
of 6 to 12 us•c) for an antenna at • height of I0 km. This means tha_ the multipa%h
fmdin| for aeronautical systeua may have so-called frequency-selective
oh•rat:aria=Ice. 75
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FIGURE _]v 2
Fade depth vs. anterma heilht for antenna _8in of 10 dB£ and
circular polarization at 1.54 GHz under rough see condition
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FIGURE-_ 3
Coherent bandwidth vs. antenna heiKhc for anuenna zain of i0 dBi
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4.3 Measurements of sea-reflection multiDath effects
Extensive aeronautical multipath tests were conducted in the 1.5
to 1.6 GHz band with a KC-135 jet airplane and the NASA ATS-5 geosta-
tionary satellite [Sutton et al., 1973b]. The aircraft ground speed
was 650 km/h and the orientation was generally broadside to the satel-
lite path azimuth. The direct satellite signal was received with a
15 dBi quad-helix antenna located at the base of the vertical stabi-
lizer; the indirect, sea-reflected signal was received with a 13 dBi
crossed-dipole array.
Data were recorded during 30 over-ocean flights at elevation an-
gles of 9 ° to 31 ° from the airplane to the satellite. Photographs of
the ocean were taken (at heights of about 300 and 900 m) to determine
sea surface conditions.
Measured mean multipath power normalized to the direct power (as
corrected for RF channel gain differences) versus elevation angle for
linear vertical and horizontal polarizations is shown in Figure 4.
Each data point is derived from 6 minutes of data. Theoretical predic-
tions are also shown (solid lines) in the figure, calculated as the
product of the plane-earth reflection coefficient and the divergence
factor [Staras, 1968] (see Report 1008, § 3.3).
The spectrum bandwidth (defined by the points where the spectrum
amplitude is i/e of the peak) for the sea-reflected waves is plotted
versus elevation angle in Figure 5. These data were obtained by trans-
mitting an unmodulated carrier toward the aircraft and taking the Fouri-
er transform of the sea-reflected signal.
Another study of multipath propagation at 1.6 GHz was performed
with a KC-135 aircraft and the NASA ATS-6 satellite [Schroeder et al.,
1976]. The signal characteristics were measured with a two-element
wave-guide array in the aircraft nose radome, with l-dB beamwidths of
20 ° in azimuth and 50 ° in elevation. Data were collected over the
ocean and over land at a nominal aircraft height of 9.1 km and nominal
ground speed of 740 km/h.
Table II summarizes the oceanic multipath parameters observed in
the ATS-6 measurements, augmented with results from the model [Yasunaga
et al., 1986]. The delay spreads in the table are the widths of the
delay-power spectral density of the diffusely-scattered signal arriving
at the receiver. Coherence bandwidth is the 3-dB bandwidth of the fre-
quency autocorrelation function (Fourier transform of the delay spec-
trum). Doppler spread is determined from the width of the Doppler
power spectral density. The decorrelation time is the 3-dB width of
the time aut,)correlation function (inverse Fourier transform of the Dop-
pler spectrum).
The mean-square scatter coefficient, F, in Table II is defined as
I" - G <1II2>/<1DI2> (2)
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where:
G : adjustment to account for gain differences between the
direct and indirect channels;
<IIl2> : mean-square power in the multipath component as measured
at the receiver;
<IDI 2> : mean-square power in the direct component as measured at
the receiver.
O O
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F_gur_4 - Ocean mean scatter coefficient vs elevation angle
for horizontal and vertical polarizations at 1.6 GHz;
solid lines are product of plane-earth reflection
coefficient and the divergence factor
0 - Horizontal polarization measurements
A - Vertical polarization measurements
A - Horizontal polarization predictions
B - Vertical polarization predictions
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Coefficients for horizontal and vertical antenna polarizations
were measured in the ATS-6 experiments. Values for r.m.s, sea surface
slopes of 3 ° and 12 ° are plotted versus elevation angle in Figure 6,
along with predictions derived from a physical optics model [Staras,
1968]. Sea slope was found to have a minor effect for elevation angles
above about 10 ° . The agreement between measured coefficients and those
predicted for a smooth flat earth as modified by the spherical-earth
divergence factor (Report 1008, eq. 12) increased as sea slope de-
creased. (The relation between r.m.s, sea surface slope and wave
height is complex, but conversion can be performed [Karasawa and
Shiokawa, 1984].)
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Figure 5 - Spectrum bandwidth (two-sided) of reflected
waves vs elevation angle at 1.6 GHz
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Table II - Ml
Parameter
Mean square scatter
coeff. (horizontal
polarization)
Mean square scatter
coeff. (vertical
polarization)
Delay spread 2
3-dB value
10-dB value
Coherence bandwidth 1
(3-dB value)
Doppler spread2:
In-plane geometry
3-dB value
10-dB value
Cross-plane geometry
3-dB value
10-dB value
Decorrelation time 1
(3-dB value)
Measured
Range
Itipath parameters from ocean measurements
Typical value at specified
elevation angle
-15 to
-2.5 dB
.25 - 1.8 Us
2.2 - 5.6 Us
70 to 380 kHz
4 - 190 Hz
13 - 350 Hz
79 - 240 Hz
180 - 560 Hz
8 deg
-2.5 dB
-14 dB
160 kHz
5 Hz
44 Hz
40 Hz*
63 Hz
144 Hz
88 Hz*
7.5 msec1.3 - i0 msec
15 deg
-i dB
-9 dB
200 kHz
70 Hz
180 Hz
ii0 Hz
280 Hz
3.2 msec
30 deg
-i dB
-3.5 dB
200 kHz
140 Hz
350 Hz
190 Hz
470 Hz
2.2 msec
*Data from multipath model (Report 884, § 4) for aircraft height of
I0 km and aircraft speed of i000 km/h.
1One-sided.
2Two-Sided.
For most aeronautical systems, circular polarization will be of
greater interest than linear. For the simplified case of reflection
from a smoot') earth (which should be a good assumption for elevation an-
gles above 10°), circular copolar and cross-polar scatter coefficients
_ and F x, respectively) can be expressed in terms of the horizontal
vertical coefficients (F h and F v, respectively) by
F c - (F h + Fv)/2 F x - (F h - Fv)/2 (3)
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for either incident right-hand circular (RHC) or left-hand circular
(LHC) polarization. The horizontal and vertical coefficients are
complex-valued, in general. Therefore, phase information is required
to apply eq. 3 to the curves in Figure 6.
Multipath data were collected in a series of aeronautical
mobile-satellite measurements conducted over the Atlantic Ocean and
parts of Europe [Hagenauer et al., 1987]. Figure 7 shows the measured
mean and standard deviations of 1.6-GHz fade durations as a function of
elevation angle for these flights. A crossed-dipole antenna with a
gain of 3.5 dBi was used to collect these data. The aircraft flew at a
nominal altitude of i0 km and with a nominal ground speed of 700 km/h.
4.4 Measurements of land-reflection multipath effects
Table III supplies multipath parameters measured during the ATS-6
flights over land [Schroeder et al., 1976]; parameter definitions are
the same as for Table II. Land multipath signals were found to be
highly nonstationary. No consistent dependence on elevation angle was
established, perhaps because the ground terrain was highly variable
(data were collected over wet and dry soil, marshes, dry and wet snow,
ice, lakes, etc.). Figures 8a and 8b provide the mean-square scatter
coefficients measured in the over-land tests, along with theoretical
values (solid lines) from the physical optics model [Staras, 1968].
,
Irreducible error rate
Multipath fading in mobile channels gives rise to an irreducible
error rate floor at which increases in the direct signal power do not
reduce the corresponding error rate. Simulations of an aeronautical
mobile-satellite link have been performed with a differentially-encoded
minimum-shift-keyed signal [Davarian, 1988]. The composite (direct
plus diffusely-reflected) signal was modeled with Rician statistics,
and the reflected signal was suitably delayed with respect to the di-
rect signal. The composite signal was differentially detected and a
bit-error-rate test conducted.
The results indicated that the irreducible error rate is higher
for an aeronautical mobile-satellite channel than for a land mobile-
satellite channel. Increased delay of the multipath component caused
the irreducible error rate to increase. Other studies [Hagenauer,
1987; Korn, 1989] support these results and show that an increase in
multipath power or delay will increase the irreducible error rate.
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Table III- Multipath parameters from land measurements
Parameter
Mean Square Scatter Coeff.
(horizontal pol.)
Mean Square Scatter Coeff.
(vertical _oi.)
Delay spread_ (3-dB)
Delay spread z (10-d_)
Coherence bandwidth _ (3-dB)
Doppler spread_ (3-dB)
Doppler spread z (l_-dB)
Decorrelation time _ (3-dB)
Measured Range
-18 to 2 dB
-21 to -3 dB
0.i to 1.2 Bs
0.2 to 3 ps
150 kHz to 3 MHz
20 to 140 Hz
40 to 500 Hz
1 to i0 msec
Typical Value
-9 dB
-13 dB
0.3 ps
1.2 Bs
600 kHz
60 Hz
200 Hz
4 msec
1One-sided.
2Two-sided.
-5
.2o
$ 10 15 20 25 30
Figure 6 - Oceanic mean-square scatter coefficients vs
elevation angle at 1.6 GHz
0 - Horizontal polarization measurements
- Vertical polarization measurements
/
A - Horizontal polarization prediction, 3 ° slope
B - Horizontal polarization prediction, 12 ° slope
C - Vertical polarization prediction, 3 ° slope
D - Vertical polarization prediction, 12 ° slope
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Figure 7 - Fade duration vs elevation angle for circular
polarization at 1.6 GHz (antenna gain - 3.5 dBi); data
collected over Atlantic Ocean and W. Europe
• Mean with 0 dB threshold
& Mean with -5 dB threshold
T Standard deviation added
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Figure 8a - Mean-square scatter coefficient for horizontal polarization
vs elevation angle at 1.6-GHz; data collected over continental
United States (numbers identify measurement runs)
A ATS-5 summertime data
0 ATS-5 wintertime data
0 ATS-6 data
A: Sea water E: Ice
B: Fresh water F: Moderately dry soil
C: Marsh G: Wet snow
D: Slightly wet soil H: Dry snow
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Figure 8b - Mean-square scatter coefficient for vertical polarization
vs elevation angle at 1.6-GHz; data collected over continental
United States (numbers identify measurement runs)
ATS-5 summertime data
0 ATS-5 wintertime data
0 ATS-6 data
A: Sea water E: Ice
B: Fresh water F: Moderately dry soil
C: Marsh G: Wet snow
D: Slightly wet soil H: Dry snow
85
Doc. USSG 5/13
REFERENCES
DAVARIAN, F. [1988] Irreducible error rate in aeronautical satellite
channels. ElecFon. Leff., Vol. 24, 21, 1332-1333.
HAGENAUER, J., NEUL, A., PAPKE, W., DOLAINSKY, F. and EDBAUER, F. [1987
The aeronautical satellite channel, DFVLR, May.
KARASAWA, Y. and SHIOKAWA, T. [1984] Characteristics of L-band multipat
fading due to sea surface reflection. IEEETran$.A_.Prop., Vol.
AP-32, 6, 618-623.
KORN, I. [1989] Coherent detection of M-ary phase-shift keying in the
satellite mobile channel. To be published in IEEETran&Comm.
SCHROEDER, E.H., THOMPSON, A.D., SUTTON R.W., WILSON, S.G. and KUO, C.J
[1976] Air traffic control experimentation and evaluation with
the NASA ATS-6 satellite. The Boeing Company, Report No.
FAA-RD-75-173, prepared for U.S. Dept. of Transportation.
Vol. III, NTIS Accession No. D6-44048; Vol. V, NTIS Accession
No. D6-44050, National Technical Information Service,
Springfield, VA 22161, USA.
SLOBIN, S.D. [1982] Microwave noise temperature and attenuation of
clouds: Statistics of these effects at various sites in the
United States, Alaska, and Hawaii. Radio Sci., Vol. 17, 6,
1443-1454.
STARAS, H. [1968] Rough surface scattering on a communication link.
RadioSci., vol. 3, 6, 623-631.
SUTTON, R.W., SCHROEDER, E.H., THOMPSON, A.D., and WILSON, S.G.
[1973a] ATS-5 multipath/ranging/digital data L-band experimental
program: Program summary. The Boeing Company, Report No. FAA-
RD-73-57, prepared for U.S. Dept. of Transportation. NTIS
Accession No. D6-60176, National Technical Information Service,
Springfield, VA 22161, USA.
SUTTON, R.W., SCHROEDER, E.H., THOMPSON, A.D. and WILSON, S.G. [1973b]
Satellite-aircraft multipath and ranging experiment results at
L band. IEEETrans. Comm., Vol. COM-21, 5, 639-647.
YASUNAGA, M., KARASAWA, Y., SHIOKAWA, T. and YAMADA, M. [1986] Charac-
teristics of L-band multipath fading due to sea surface reflec-
tion in aeronautical satellite communications. Tran$.[ECE
(Japan), Vol. E69, i0, 1060-1063.
ZAKS, C. and ANDERSON, S. [1986] Aeronautical satellite data link meas-
urement over the North Atlantic: Test results. Proceedings, Sev-
enth Intl. Conf. on Digital Satellite Communications, Munich,
FRG, May, 557-563.
86
Session 2
PROPAGATION EXPERIMENTS
ABOVE 10 GHz
Chairman:
Dr. David V. Rogers
COMSAT Laboratories
87

N90-17955
RAIN ATTENUATION MEASUREMENTS:
VARIABILITY AND DATA QUALITY ASSESSMENT*
Robert K. Crane
Thayer School of Engineering, Dartmouth College
Hanover, New Hampshire, 03755, USA
Year-to-year variations in the cumulative distributions of rain rate or rain
attenuation are evident in any of the published measurements for a single
propagation path that span a period of several years of observation. These
variations must be described by models for the prediction of rain attenuation
statistics. Now that a large measurement data base has been assembled by the
International Radio Consultative Committee (CCIR), the information needed to
assess variability is available. On the basis of 252 sample cumulative distribution
functions for the occurrence of attenuation by rain (ACDFs), the expected year-to-
year variation in attenuation at a fixed probability level in the 0.1 to 0.001 percent of
a year range is estimated to be 27%. The expected deviation from an attenuation
model prediction for a single year of observations is estimated to exceed 33% when
any of the available global rain climate models are emp!oyed to estimate the rain rate
statistics. The probability distribution for the variation m attenuation or rain rate at a
fixed fraction of a year is lognormal. The lognormal behavior of the variate was
used to compile the statistics for variability and to establish hypothesis tests for
identifying outliers - the observed sample cumulative distribution function (CDF)
that deviates significantly from the expected (modeled) ACDF.
1. INTRODUCTION
A number of the published or proposed models for the prediction of the statistical
distributions of attenuation by rain depend upon parameters which must be set from the measured
cumulative distributions of attenuation (ACDFs). The accuracy of such a model is then dependent
on the quality of the data employed for parameter estimation. In recent years, it has been
fashionable to test old and new attenuation prediction procedures against measured distributions
stored in one or more data banks. The question arises as to how the data entered into a data bank
may be examined or tested to detect bad data, data that could cause errors in the parameters needed
for the models and data that could invalidate the use of a data bank for model evaluation. In this
paper, a statistical test is presented for assessing the quality of rain attenuation distribution data. It
was applied to the 1988 edition of the International Radio Consultative Committee (CCIR) data
banks for slant path and terrestrial path propagation [CCIR, 1988]. The results show that 47 of the
252 ACDFs in the data banks are of questionable quality.
Any statistical hypothesis test for data quality assessment requires the use of a known
probability distribution for the property to be tested and a standard or expected value for the
property against which the observations may be compared. The reference standard must be a
*Submitted to Radio Science.
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model which provides a prediction of the ACDF for the location and propagation path of interest.
In the absence of long term temporal variations in rain statistics, the best model would be the
average of a set of observations spanning many years for the same location and path (i.e.
frequency, path length, elevation angle, polarization). The average annual distribution would then
provide the reference for comparison for each of the observed annual distributions. The model
ACDF is then the long term sample mean at each probability of occurrence. Unfortunately, no
long term measurements are available.
A number of attenuation prediction models have been published recently that depend only on
the location of a path (the rain climate) and the specific parameters for the path [COST 205, 1985a,
CCIR, 1986a; Crane and Shieh 1989; Crane, 1985a]. When the predictions of these models are
compared with observations, the models all perform equally. No statistically significant
differences were evident in the root mean square deviations (RMSD) between measurement and
prediction when the attenuation prediction procedures were used with the same rain climate model.
Therefore, any of the models could be combined with a rain climate model to provide a reference
for the estimation of variability. For this paper, two different attenuation prediction models and
rain climate models were utilized to provide the reference ACDFs, the improved Two-Component
rain attenuation model together with the Global rain climate model (T-C & Global) [Crane and
Shieh, 1989] and the current version of the CCIR rain attenuation model together with the current
CCIR rain climate model (CCIR & CCIR) [CCIR, 1986b; c; d].
Prior analyses of rain rate and attenuation prediction model behavior have shown that the
deviations between measurements and model predictions at timed probability levels are lognormally
distributed. Sample deviation distributions were tested against the lognormal distribution, the
percent normal distribution with the measurements used as reference (the distribution
recommended by the CCIR [1986a] and employed for the analysis of some of the attenuation data
in the COST 205 Project [1985a]) and the percent normal distribution with the model used as
reference (a distribution also employed for the analysis of COST 205 data [COST 205, 1985b]).
On the basis of Chi Square tests of goodness-of-fit, the use of either percent normal distribution
could be rejected at the 20 percent significance level (and at the 0.5 % significance level) and, at the
20% level, the lognormal hypothesis could not be rejected [Crane and Shieh, 1989]. All statistics
were therefore calculated using the natural logarithms of the measured or modeled attenuation
values. The logarithmic transformation was necessary to generate a variate with a normal
disuibution. With this transformation, many of the standard tools for statistical inference become
available for the assessment of data quality. For ease of interpretation, the results of some of the
analyses were transformed back into the linear domain and expressed as a fraction in percent.
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The year-to-year variations in the rain rate and attenuation sample cumulative distribution
functions (CDFs) for sites with a sufficient run of data to estimate a geometric mean CDF is
considered in section 2. In section 3, the variability relative to the T-C & Global and the CCIR &
CCIR models is considered and a statistical model for the year-to-year variations is presented. The
use of the variability estimates to identify outliers (questionable data) is discussed in section 4.
Recommendations for data bank quality control are presented in section 5.
2. STATISTICAL VARIATIONS FROM THE SAMPLE GEOMETRIC MEAN DISTRIBUTION
Earlier evaluations of rain attenuation prediction procedures have shown that the observed
cumulative distributions of rain attenuation display a natural variation from one year to the next,
from one site to another and from path-to-path at the same site. The cumulative distribution of the
fraction of a year the measured rain attenuation value exceeds specified thresholds (ACDF) is a
random variable. The meteorological conditions along a propagation path change from year-to-
year and, as a result, the attenuation statistics for a path also change from year-to-year. Data from
eleven of the sites listed in the CCIR data bank for slant path rain attenuation measurements have
between three and five single-year ACDFs; ten of the sites have simultaneous rain rate
measurements (RCDFs) for each year of observations; seven of the sites with rain rate
measurement data are from a single geographical region (Europe). Figure 1 displays the standard
deviations of the annual deviations of the rain attenuation (DA) and rain rate (DR) values from the
sample geometric means of the annual CDFs at 0.01% of a year for each of the sites. Figure 2
presents the simultaneous DA, DR deviation pairs for each year of observation for each site. The
use of the geometric mean was necessary because of the logarithmic transformation employed in
the calculation of the deviations. The data in Figure 2 are from 12 GHz satellite beacon
observations made in Europe [COST 205, 1985a]. This subset of the data in the CCIR data bank
was chosen because the COST 205 Project subjected their data to a strict regimen of data quality
control.
The observations reveal the natural variability of the attenuation and rain rate deviations from
the model (geometric mean) predictions. Table 1 lists the standard deviations for the attenuation
and rain rate deviations from the geometric means of the ACDFs for each site at 0.01% of a year
for the eleven sites with attenuation measurements, for all the sites with rain rate measurements and
for the European composite (Figure 2). The table provides the expected 90% bounds for the
variability model. The bounds are values from a Chi Square probability distribution with the
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specifiednumber of degrees of freedom (DoF) exceeded with probability 0.05 (lower Bound) and
0.95 (upper bound). The standard deviations for the model distributions, 0.29 (33%) for
attenuation and 0.22 (24%) for rain rate, were selected to minimize the number of sites having
standard deviation estimates lying outside the 90% bounds for each model. Only one site produced
observed standard deviation estimates outside the model bounds (D3, Europe: an outlier). No
convincing trend is evident in the observed standard deviations vs the climate model rain rates at
0.01% of a year (Figure 1). For the D2 climate region, the observed standard deviation values
span all but the D3 value identified as an outlier. The simplest model, therefore, is to assume a
constant variability over all climate regions. For rain attenuation, the modeled variability is the
largest value that keeps all the observations above the 5% bound. Taking the one site as an outlier
for both attenuation and rain rate, the rain rate variability value is the smallest that keeps the
remainder of the observations within the 90% bounds (5% to 95%). The resulting model
variabilities for a year of observation are plotted on Figure 1.
For attenuation by rain, the composite standard deviation for Europe was 0.31 for DA (0.25,
0.43: 10% Confidence limits based on the observed composite standard deviation given in Table 2
as opposed to the 90% bounds on the variability model given in Table 1). To assist in interpreting
the data, the standard deviation values were transformed to percentage by:
DA% = 100 (exp(DALN) - 1). (1)
The observed composite variability in rain attenuation is 37% at 0.01% of a year. For the
simultaneous rain rate observations, the standard deviation of DR was 0.24 (27%). The DA and
DR variations were partially correlated (Figure 2 and Table 2). The estimated correlation
coefficient is 0.8. If a linear model is used to relate the deviation in the natural logarithm of
attenuation from the model prediction to the deviation in the natural logarithm of rain rate from the
model prediction (DAvs DR), the slope of the least-square-fit line is in close agreement with the
exponent in the power law relationship between specific attenuation and rain rate when calculated
for a large number of rain drop size distribution observations (slope = 1.1 and residual error =
0.23; least-square fit weighted by the relative frequency of occurrence of observations at different
rain rates [Crane, 1971]) but deviates significantly from the exponent when calculated using a
standard rain drop size distribution model [CCIR, 1986a]. The standard deviation of the residual
error for the linear model is 0.18 (20%). The residual error represents the natural variations
associated with fluctuations in the spatial extent of the region along a propagation path with rain in
an equal probability model for attenuation by rain, and in measurement errors for either attenuation
or rain rate.
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The samplecumulativedistributionfunctions(CDFs)for thedeviationspooledfrom the27
path-yearsof observationsatthe7 Europeansitesarepresentedin Figure3. Thedistributionsare
plotted vs the expecteddistributions for zeromeannormal processeswith modeled standard
deviationsof 0.29 (33%)for attenuationby rain and0.22(24%) for rain rate. If thecurve for the
observeddistributionlies alongthe 1:1line, theobserveddistributionmatchestheassumedmodel
distribution (lognormaldistribution becausethe natural logarithmsof the measuredvaluesare
plotted). Theexpected90%boundsfor theordereddistributions(95%and5%),calculatedon the
basis of the assumedmodel distributions and the numberof CDFs in the data set, are also
displayed in the figure. For a large number of ordereddistributions (CDFs) of observed
deviations,DA or DR, 90 percentof the CDFsshouldlie within the boundsat eachprobability
value(variate) if the deviation processesareconsistentwith the assumedvariability processes.
Exceptfor the single extreme negative value in either distribution (the D3 region outlier in Table 1,
marked by • in this figure), both CDFs lie within the 90% bounds. Therefore, the DA and DR
distributions are consistent with the variability hypotheses at the 10% significance level. Different
variability values could have been assumed to model both processes that would have kept all the
observations within the 90% bounds but the resulting models would then have larger differences
from the observations in the central region of the distributions where the observations should be
better behaved statistically.
The CDFs displayed in Figure 3 are for 0.01 percent of a year. The data in the CCIR data
banks have attenuation levels listed for other percentages of a year. Older versions of the data bank
had entries at only a few probability levels (fractions of a year). The current edition of the data
banks includes observations at more probability levels but, in some cases, the entries were
obtained by interpolation from the values in the earlier editions (using straight line segments on a
plot of the logarithm of the value vs the logarithm of the percentage of the year). To avoid any
errors from interpolation over large differences in probability level or from the generation of
correlations between values of the sampled ACDF at different probability levels, the CDFs for the
reported attenuation deviations were calculated for the probability levels common to all versions of
the data bank: 0.1%, 0.01% and 0.001% of a year. The resulting CDFs are displayed in Figure 4.
Again, the measured deviations from the geometric mean are plotted vs the expected deviations for
a lognormal process with a variability equivalent to 33%. The 90% bounds were plotted for the
number of observations in the 0.01% data set (the same as for Figure 3). The deviation
distribution values for the 0.1% and 0.001% probability levels all fall within the 90% bounds (see
also Table 2). Because fewer path-years of data are present in the 0.1% and 0.001% CDFs, their
90% bounding curves should be spaced further apart than the bounds displayed in the figure.
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AgreementbetweentheCDFsfor 0.1%and0.001%andthe33%variability modelis significantat
betterthanthe10%level. Therefore,theobservedvariabilityis notafunctionof thethefractionof
a year for probability levels in the 0.1% to 0.001%range. It is noted that this conclusion is
contraryto theresultsreportedby COST205 [1985b]for thesamedata.
The 33% variability model for the deviations of attenuation (DA) and the 24% variability
model for the deviations of rain rate (DR) observations from their sample geometric means at fixed
probability levels from 0.1% to 0.001% of a year explain the data obtained in Europe and in the
USA. The attenuation deviations are consistent with the 33% variability hypothesis as indicated in
Table 1. For the rain rate measurements, the observed variability is significandy smaller for the
sites in the USA than for the sites in Europe (16% vs 27%). To be consistent with the
observations from both geographic regions, the year-to-year variation in rain rate must be close to
the 24% value assumed for the variability model. The variability models for rain rate and rain
attenuation therefore obtain for mid-latitude observations from 11 sites spanning latitudes from 30 °
to 67 ° encompassing 7 rain climates (Global model) and, for attenuation, elevation angles from 11 o
to 50 ° for frequencies near 12 GHz.
3. A REFERENCE FOR VARIABILITY ESTIMATION
The selection of standard deviation estimates for the characterization of variability is
predicated on an assumed probability distribution for the deviations of the cumulative distributions
of the measurements from their expected CDFs. The existence of a model for estimating the
expected ACDF for a single year of data is necessary to calculate the observed deviations. The
model used in section 2 was the geometric average ACDF. That model also assumed that the
statistics of the deviations about the geometric average were stationary (ie. drawn from the same
process which did vary in space or time).
Most of the measurements in the data banks are limited data sets of only one or two years
duration. These observations were not used in the analysis of section 2 because insufficient data
were available for a path to provide a reference distribution (sample geometric mean) for the
estimate of the standard deviation. To extend the analyses to all the data in the data banks, an
alternative to the geometric mean model is needed. One possibility is to employ an attenuation
prediction procedure reported in the literature. Crane and Shieh [1989] found that the four best of
the attenuation prediction procedures they tested provided estimates of measured ACDFs with
prediction errors that did not differ significantly from each other when coupled with the same rain
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climate model. The predictionerrorsshouldbe larger thanthe intrinsic year-to-yearvariability
becausethe climate modelingprocessis relatively coarseand the point-to-path transformation
proceduresonly approximatethecomplexprocessesthatoccur in nature.The estimatesmadeby
CraneandShiehon thebasisof a lognormaldistributionfor predictionerror suggesthatthemodel
predictionerrorsareof theorderof 0.4(50%).
Acceptinganincreasein apparentvariability asthepenaltyfor usinganattenuationprediction
model to make the entire databaseavailable for the estimationof variability, any one of the
attenuationpredictionprocedurescouldbeselectedto provide thereference.Theonly statistically
valid procedurefor model selectionis to pick one that doesnot dependon parameterssetby
referenceto thedatain thedatabank. If thedatawereusedfor parameterestimation,correlations
wouldoccurbetweentheparametersandthedatain thedatabankthatwould reducetheapparent
variability. The new Two-Componentmodel (T-C) [Crane and Shieh, 1989] was selected to
provide the reference for estimating variability. The selection was based on convenience; the
model was resident on the computer system used in this analysis. None of the parameters of the
T-C model were set using data in the data base. The empirical parameters in the model were
obtained from analyses of weather radar and rain gauge data from Massachusetts, Tennessee, West
Germany and Malaysia.
The CCIR model was also selected to provide a second variability estimate for comparison.
Although the model employed by the CCIR [ 1986b; c; d] was fit to observations in the data banks,
it has been used as a comparison standard in studies by the CCIR. The parameters in the current
CCIR model were obtained in three steps. The horizontal, point-to-path variations were modeled
at the 0.01% probability level using a procedure recommended by Lin [ 1975]. The parameters for
this part of the model were least-square-fit to the attenuation and rain rate observations in the CCIR
terrestrial path data bank. The extension of the model to include the effects of vertical variations
along a slant path was accomplished by selecting a latitude dependent rain height (parameter) for
use at 0.01% of a year that best fit the attenuation and rain rate observations in the slant path data
bank (1985 edition). The prediction of attenuation at probability levels different from 0.01% of a
year was made using a modification to the procedure developed by Fedi [ 1980]. The parameters
for this procedure were obtained by a least-square fit to the attenuation observations from Europe
in the data bank.
Single-year data from satellite beacon observations in Europe
Deviations in attenuation and rain rate at 0.01% of a year from the Two-Component rain
attenuation and Global climate model (T-C & Global) predictions were estimated for the multiple-
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year data employed for the analyses presented in Section 2. The results for the 27 path-years of
simultaneous, single-year ACDFs and RCDFs from Europe are presented in Table 2. The standard
deviations were 0.35 (42%) for DA and 0.35 (42%) for DR. The 10% confidence limits for DA
enclose the 33% variability model. The DR value confidence limits do not enclose the 24%
variability model estimate but do overlap the confidence limits for the DR estimate based on the
sample geometric mean model. If the site identified as an outlier is not used in the analysis, the DA
estimate is identical to the model prediction but the DR estimate still significantly overestimates the
model prediction. For the 27 path-years of data, the results based on the use of the T-C & Global
model are not significantly different from the results based on the geometric mean model (at the
10% significance level).
The CCIR slant path data bank contains 53 path-years of simultaneous, single-year ACDFs
and RCDFs. The simultaneous DA and DR values for 0.01% of a year are presented in Figure 5.
The observations were for frequencies in the 11.6 to 17.8 GHz range. The standard deviations
were 0.31 (36%) for DA and 0.29 (34%) for DR. The DA value lies within the 10% confidence
limits for the 27 path-years of data used to generate Figure 2 and the 9 path-years of data from the
USA (Table 2). The 10% confidence limits on the DA estimate enclose the 33% variability model.
The DR estimate also lies within the 10% limits for the American and European data but the 10%
confidence limits on the DR estimate do not enclose the 24% variability model.
The DA and DR deviations plotted in Figure 5 include modeling errors, measurement errors
and the expected increase in variance caused by the use of a limited number of rain climate regions.
If a site is located at random within a rain climate region, a climate modeling error is generated
because the RCDF is predicted to have the same distribution throughout the region but the actual
CDF must vary from one region to the next. The component of the rain rate deviations at 0.01%
caused by the use of a climate region model is given as a function of climate in Table 3. To
estimate the RCDF deviations for the table, it was assumed that the deviations were uniformly
distributed for locations selected at random within a climate zone. The limits for the uniform
deviation process were taken to be the model RCDFs for the adjacent climate regions. The Global
climate regions were originally defined to have the RCDFs for a region confined between the
climate model RCDFs for adjacent regions (see Crane [1980] Figures 6 and 7). Climate regions B
and D were subsequently subdivided because the span of the possible RCDFs was too large. If the
standard deviation for the year-to-year variation process for rain rate, 0.21 (24%), is combined
with the root mean square (rms) deviation for the climate estimate (0.17, Table 3), the result is a
standard deviation estimate of 0.27 (31%) which lies within the 10% confidence limits for the DR
estimates listed in Table 2. For the estimation of the attenuation deviations, the linear model
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presentedin Figure2 generatesa standarddeviationestimate of 0.29 (33%) which also lies within
the 10% confidence limits for the DA estimates.
For the prediction of attenuation, the expected standard deviation for DA is increased relative
to the standard deviation for DR. Working back through the variance estimates, only 32 percent of
the observed variance in DA corresponds to the use of the Global climate region model. The
remainder is due to year-to-year variations caused in part by a lack of correlation between rain rate
and attenuation deviations from the model predictions (see Figure 5). Therefore, the variability
model has a component that changes only with location within a climate region but not with the
length of an observation period and a component with a variance inversely proportional to the
length of the observing period (the year-to-year variations). The variability in DA due to the use of
the Global rain climate model is 18%; the variability due to year-to-year changes on a path is 27%:
for a single year of observations the two combine to produce a variability of 33%. The use of a
different climate model would produce a change in the climate model component of variability. For
DR, the components of the model are 17% and 24% for site-to-site and year to year respectively
with the estimated variability for the combination equal to 31%.
The observed correlation between the attenuation and rain rate deviations is only 0.6 (Figure
5) yielding a significantly larger residual error for a least-square-fit linear model for the deviations
from the T-C & Global predictions. The slope for the linear model is not close to the expected
value for the relationship between specific attenuation and rain rate at frequencies in the 11 to 18
GHz band. The intercept value suggests a modeling error (bias) in either attenuation or rain rate
(or both). When the CCIR rain attenuation model and CCIR rain climate model (CCIR & CCIR)
are used, the standard deviations are even larger (Table 2), 50% for DA and 52% for DR, but the
the correlation between DA and DR is also larger, 0.8, yielding a residual error of 30% Which is
not significantly different (at the 10% level) from the 27% residual error for the T-C and Global
model. When the CCIR model is combined with the observed rain rate values at 0.01% of a year,
the attenuation prediction error is 40%, a number significantly larger than the expected residual
error (18%, the residual error from Figure 2) when the effects of the annual and rain climate
variations are removed from the prediction process.
The cumulative distributions of deviations from rain rate model predictions at 0.01% of a
year (DR) are presented in Figure 6 for both the Global and CCIR rain climate models for the 54
path-years of single-year rain rate observations from Europe in the CCIR data bank. Both models
have the same average prediction error (bias). The 90% bounds for the 31% variability model
were plotted after adjustment for the prediction (or measurement) bias. The Global model
predictions are consistent with the variability model bounds inferred from the deviations between
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observation and the sample geometric mean model. For the Global rain climate model, the
standard deviation is 0.29 (34%). The CCIR model predictions deviate significantly from the
observations for nearly half the path-years of observations. For the CCIR rain climate model, the
standard deviation is 0.42 (52%). Two conclusions may be drawn from this figure, 1) the Global
rain climate regions are consistent with the observations but the Global rain rate model
overestimates the observed rain rate at 0.01 percent of a year and 2) the CC1R model climate
regions are not consistent with the observations, the standard deviation for DR is significantly
larger than for the Global model (at the 10% significance level) and, for more than half the
observations, overestimate the rain rate.
The cumulative distributions of deviations from rain attenuation model predictions at 0.01%
of a year for the 54 path-years of single-year satellite beacon attenuation observations from Europe
in the CCIR data bank are presented in Figure 7. In this figure, the results from the use of 3
different models are presented: the T-C attenuation prediction model with the Global rain climate
model, the CCIR attenuation prediction model with the CCIR rain climate model and the CCIR
attenuation prediction model with the measured cumulative rain rate distribution at 0.01% of a year.
The predictions based on the use of climate models are unbiased; the predictions based on the rain
rate measurements are biased. When combined with the Global rain climate model, the deviations
from both The T-C and CCIR attenuation model predictions all lie within the 90% bounds for the
33% single-year variability model. When the CCIR rain climate model is used with the CCIR rain
attenuation prediction model, the combination is unbiased but the deviations are significantly larger
than observed when the Global climate model is employed (50% vs 36%, see Table 2). For the
CCIR model combined with rain rate observations the predictions are biased but the standard
deviation is only slightly larger than for the T-C and Global model (39% vs 36%) but significantly
larger than expected when measurements are used to reduce the effects of climate model and year-
to-year variations.
The deviations from model predictions at 0.1% and 0.001% of a year are also unbiased and
consistent with the 33% variability hypothesis when the T-C and Global model is used as
illustrated in Figure 8 (and Table 2). At 0.001%, the standard deviation for all the single-year
ACDFs was 36%. At 0.1%, the standard deviation is 46% which is significantly larger than 33%
(at the 10% significance level). At this fraction of a year, 32% of the observed deviations lie
outside the 90% bounds. Four of the twelve deviation estimates that lie outside the bounds are
from a single site. If the data from that site are not used in the analysis (the thin dashed curve in
Figure 8), all but three of the remaining deviations lie within the bounds and the results are
consistent with the 33% variability hypothesis at the 4% significance level. Therefore,
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observationsin the 0.1% to 0.001% of a yearspanof probability levels may be modeled as
samplesfrom a zeromeanprocesswith a standard eviationof 0.29 (33%).
The meansquaredeviation(MSD) calculated for different probability levels (fractions of a
year) from a single ACDF using the natural logarithms of the ratio of measured-to-modeled values
of rain attenuation should have a Chi Square distribution with the number of degrees of freedom
equal to the number of probability levels (if independent of each other). This result obtains
because the T-C & Global prediction model is unbiased with a constant variability over the range of
probability levels available for analysis. If the reported ACDF represents the observed distribution
and was not constructed by interpolation from a limited number of probability levels, the
observations at probability levels separated by a factor of 3 should be independent. The cumulative
distributions of root mean square deviation (RMSD) values for the ACDFs in the beacon data set
from Europe with three (6 path-years of data), four (23 path-years) and five (25 path-years)
probability levels (DoF = degrees of freedom) are plotted in Figure 9. The probability level
samples used in the computation of a RMSD value for a single ACDF was continuous over the set,
1%, 0.3%, 0.1%, 0.03%, 0.01%, 0.003%, 0.001% of a year values, used in the analysis. At 3
DoF, the RMSD value will contain between one and two of the 0.1%, 0.01% or 0.001% values
assumed to be without interpolation error. At 5 DoF, the actual number of degrees of freedom may
be as small as 3 due to correlations caused by interpolation if used in the preparation of the ACDF
for the data bank.
The plotting scales on Figure 9 are the observed RMSDs from the T-C & Global model vs
the expected value of RMSD for a Chi Square process with the indicated number of degrees of
freedom and variability. Agreement obtains if the plotted values lie within the 90% bounds for the
ordered distributions. The bounds are plotted for all three distributions (thin lines with the same
dash coding as the plotted CDFs). Markers are placed over the RMSD values (single path
measurements) that exceed the 98% bound for agreement with the 33% variability hypothesis. For
4 and 5 probability levels, with the exception of the RMSD value for one ACDF, the ordered
distributions lie within the 90% bounds. These RMSD values are therefore consistent with the
unbiased variability model hypothesis at the 10% significance level. The one exception can be
considered an outlier. At the 10% significance level, a hypothesis test for agreement with the
variability model would decide that the exception has more variability than expected and may be
considered suspect (it corresponds to the single outlier evident in Figures 3 and 4). For the RMSD
values with three degrees of freedom, all but 1 lie outside the 90% bounds but only 2 are above the
98% bound for a single ACDF. RMSD values for 6 of 54 ACDFs lie outside the 90% bounds for
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the model. All are well outside the bounds indicating that they arenot consistentwith the
variability modelor with theotherobservationspresentedin thefigureandmaybeoutliers.
Basedon thebeaconobservationsfrom Europe,thefollowing conclusionsmaybedrawn: 1)
the T-C or CCIR rain attenuationmodelsmay be used as a referencefor the estimation of
variability if theGlobal rain climatemodelis employedaswell, 2) thevariability did not increase
measurablywith the useof an attenuationprediction model as a referencefor estimatingthe
expectedlong term geometricmeanACDF whencomparedwith thepredictionsof the sample
geometricmeancalculatedfrom alimited dataset,3) theCCIRrain attenuationmodel,whenused
with theCCIR rain climatemodel,is unbiasedbut thestandarddeviationof thedeviationsis larger
thanthenaturalvariability of therain attenuationprocess,4) theincreasedstandard eviationwhen
usingtheCCIR rain climate modelappearsto bedueto anincorrectidentification of theclimate
regions,5) theutilization of measuredrain ratedistributionsproducesbothabiasandanincrease
in thestandarddeviationof thedifferencesbetweenmodelpredictionsandmeasurementsand6)
therainrate measurements, not the rain climate models, produce the bias evident in Figure 5.
Single-year data from all locations and types of measurements
The 31% variability model holds for the single-year rain rate observations made
simultaneously with the satellite beacon measurements in Europe. However, the European data
revealed a significant bias between the climate model predictions and measurements. The next
question to be addressed is the consistency of the climate models when all the single-year data sets
with simultaneous rain rate observations in the entire data base are employed in the analysis.
Figure 10 presents the deviations between measured and modeled rain rate at 0.01% of a year for
111 path-years of data. The variability model distribution bounds are displayed together with the
cumulative distributions of the deviations of measurements from the Global and CCIR rain climate
model predictions. Both climate models are unbiased when compared to the larger set of data. The
deviations from the Global model predictions lie within the variability model bounds for all path-
years; the standard deviation of the DR values is 0.30 (35%) with confidence limits that enclose the
variability model at the 10% level (Table 2). The deviations from the CCIR model predictions
agree with the variability model only within the central region of the distribution (+ 0.5 standard
deviations). The deviations from the CCIR model display a steeper slope (larger variability) than
the model predictions and are not entirely consistent with a lognormal model because, with the
steeper slope, a large number of outliers would occur for a variate greater than 0.27 (one standard
deviation).
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The 33% attenuation variability model holds for the single-year satellite beacon observations
from Europe. Figure 12 presents the deviations between measured and modeled attenuation at
0.01% of a year for 106 path-years of data from terrestrial, satellite beacon and slant path
radiometer measurements at frequencies ranging from 11 to 82 GHz, latitudes from -38 ° to 67 °
north, elevation angles from 7 ° to 53 ° for slant paths, horizontal distances from 1.3 to 25 km for
terrestrial paths, and vertical, horizontal and circular polarizations. The variability model
distribution bounds are displayed together with the cumulative distributions of the deviations of
measurements from the T-C & Global model and the CCIR & CCIR model predictions. The
deviations from the T-C & Global model predictions lie within the variability model bounds for all
but 6 path-years; if the 6 path-years of data are excluded, the resulting DA is 0.31 (36%) with
confidence limits that enclose the variability model (Table 2). The deviations from the CCIR &
CCIR model predictions agree with the variability model only within the central region of the
distribution (+ 0.5 standard deviations). The deviations from the CCIR & CCIR model are
consistent with a lognormal model with zero bias but with a significantly higher variance. The
performance of the CCIR model is better when combined with the measured rain rate values at
0.01% of a year (CCIR & meas).
The deviations of the observations from the T-C & Global model predictions were
investigated at 0.1% and 0.001% of a year. At 0.1%, the deviations have zero mean and are
consistent with a 33% variability model as indicated in Figure 12. At this probability level, the
standard deviation of all the ACDFs is 0.39 (47%) with confidence interval bounds that do not
enclose the 33% model variability. If the 5 outliers evident in the figure are not used in the
analysis, the resulting standard deviation is 0.33 (39%). This standard deviation is still larger than
the model estimate at the 10% significance level but is consistent with the model at the 4% level.
At 0.001% of a year, the T-C & Global model is biased and the variability is significantly larger
than the model estimate. For all 58 ACDFs at 0.001%, the standard deviation in DA is 0.47
(63%). If five ACDFs from a single site in the USA are removed from the data set, the resulting
CDF for the attenuation deviations has a small bias (the thin dashed 0.001% curve in Figure 12)
and the resulting variability is 0.43 (54%). If the 3 additional outliers that deviate markedly from
the model distribution are also removed, the resulting standard deviation is 0.29 (34%). For all but
8 of the observations (outliers from 4 sites), the data are consistent with the 33% variability model.
The RMSD values have Chi Square distributions as indicated in Figure 13. Seventeen out of
93 path-years of data with four or more degrees of freedom are outside the 90% bounds for the
variability model. All but 8 of the 26 RMSD values with 3 degrees of freedom lie outside the
variability model bounds. The remaining 71% of the observations are consistent with the
i01
Crane: Variability & Data Quality
variability model at the 10% level. For 4 or more degrees of freedom, 82% of the RMSD values
are consistent with the variability model and with each other (a best fit line passing through the
origin would closely approximate the 1:1 line). For 3 degrees of freedom, the RMSD values are
consistent with each other (lie along a straight line that passes through the origin) but with a
variability model having roughly a 25 percent greater variability. Some of the observations could
correspond to observations with fewer than 3 degrees of freedom. More than 40 percent of the
observations are for data with probability levels greater than or equal to 0.03% of a year and none
of the observations are for 0.001% of the year. For 4 degrees of freedom almost half the
observations include 0.001% of a year and, for more degrees of freedom, the fraction of the
observations including 0.001% of a year is even higher. The observations tend to show an
increase in apparent variability with an increasing fraction of the measurements with probability
levels greater than 0.1% of a year.
The single threshold for acceptance represents an approximate single ACDF hypothesis test
for 4 or more probability levels (a single sample from a Chi Square distribution with 5 degrees of
freedom) at a 2% significance level and may be applied without reference to any of the other
RMSD values from the data bank. If the RMSD for a single-year ACDF lies above this threshold,
it is considered an outlier and is suspect.
Multiple-year data sets from all locations
The single-year observations constitute only 132 of the 252 ACDFs in the combined CCIR
data banks. The variability model must be extended to multiple-year ACDFs for comparison with
the remainder of the observations in the data banks. The 33% variability model has two
components, 0.17 (18%) due to the use of the Global climate regions and 0.27 (31%) due to the
year-to-year variations at the same site. The former is fixed for a site for any length of data
sequence but the latter may be reduced by combining observations from several years. The
variance for the latter component is reduced by the number of years in the data sequence. To
provide a composite variability model estimate, the square root of the sum of the variances for each
component must be calculated. The thresholds for acceptance at the 2% significance level
hypothesis test are listed as a function of the number of degrees of freedom and the number of
years of observations in Table 4. For 5 DoF, the threshold for acceptance is plotted as a function
of the length of the observation set in Figure 14. Nineteen of the 95 RMSD values with 5 degrees
of freedom are above the 98% bound and are not consistent with the variability model.
The variability model estimate holds for integral years of observations. The rain attenuation
process is assumed to be stationary over periods spanning an integral number of years but is not
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stationary for arbitrary duration intervals due to the seasonal nature of the rain process. Experience
suggests that seasonal variations are important. Results for 18 months of observation should be
different if the measurement interval spans two normally rainy seasons or two dry seasons. The
98% threshold values (the modeled RMSD value that is expected to exceed 98 percent of the
observations as a result of the natural year-to-year and within climate region variations) are
calculated only for integral numbers of years. In Figure 14 the calculated threshold values are
connected by straight lines. RMSD estimates are plotted for all the ACDFs with 5 DoF whether for
an integral number of years or not.
The RMSD observation may be scaled to the expected value for a single year of observations
by adjusting the RMSD value by the variability model estimate. For two years of observations, the
apparent variability must be increased by the ratio of the variability estimate for a single year to the
estimate for two years. With this adjustment, the threshold for acceptance (98% threshold) value
does not depend on the duration of the measurements. The scaled RMSD values for all the paths in
the data bank are presented in Figure 15. The threshold for acceptance is plotted as a function of
the number of degrees of freedom (DoF) associated with each RMSD value. The 2% threshold
(lower bound) is also displayed on the figure. If the observations are consistent with the variability
model when adjusted to an equivalent single year of observations, 2 percent of the RMSD values
should lie below the 2% threshold and 2% should lie above the 98% threshold. Four of 252
values lie below the 2% threshold in agreement with the model estimates but 47 lie above the 98%
threshold in clear violation of the model estimate. The large number of values above the threshold
for acceptance is an indication of contributions to the observed deviations from more than just the
natural site-to-site and path-to-path variability of the rain attenuation process relative to the
prediction model.
4. DATA QUALITY ASSESSMENT
The model for the site-to-site and year-to-year variability for a path is based on the lognormal
distribution for the deviations of measurements from the reference ACDF for a path. The deviation
model is assumed to hold for all climate regions, path geometries and probability levels within the
1.0% to 0.001% of a year range. The data presented in Section 3 represent all the ACDFs in the
CCIR data banks (terrestrial plus slant path). The 90% bounds on the CDFs and 98% threshold
for the RMSD estimates for single ACDFs represent the expected extremes due to chance variations
in climate and rain conditions on the path. Errors in assigning the climate region, measurement
errors due to the operation of the equipment and errors in the statistical adjustment for missing data
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will createlargerRMSD values. In usingtheobservationsto fix the levelof variability, it is not
possibleto separatedeviationsdueto naturalcausesor experimentalerror. Thelatter includesthe
effectsof rain or snowon antennacomponentsandradomes,theproblemsassociatedwith receiver
baselinevariationsdue to either thereceiversystemor the satelliteor theterrestrialtransmitter
system,insufficientdynamicrangefor theattemptedmeasurementsanddelaysin receiverrecovery
(lock) aftercompletelylosing thesignalduringadeepfade. Modelingerrorscouldalsocontribute
to significant deviations betweenmodel predictionsand measurements.Considering that the
geophysicaleffectsareassumedto dominatethemodeleddeviation process,deviationsthat are
significantly larger (outside the modeled boundswhich explain a significant fraction of the
observeddeviationsfor a largenumberof propagationpaths)mustbedue to experimentalerror
andtheACDF producingthelargedeviationmustbeanoutlierandidentifiedassuspect.
Theestimatedboundson the CDFs for deviations at fixed probability levels or for the RMSD
values calculated from independent samples from each ACDF at fixed probability levels then can be
used to assess data quality. Observed ACDFs yielding samples in the CDFs that lie outside the
bounds should be flagged as questionable and requiring further scrutiny. Comparisons with the
bounds on the sample cumulative distributions of the deviations or the RMSD values are useful
only when comparing a group of observations to a model. Such comparisons are necessary to
build and verify the model. After the model has been established, hypothesis tests should be
conducted on each ACDF separately. Using the Global rain climate and a convenient path
attenuation model to provide the reference, the observed RMSD of the ACDF from the reference
ACDF should be tested using a Chi Square hypothesis test for the number of probability levels
employed for the calculation of the RMSD value and the expected standard deviation of the natural
variations about the model predictions (0.29 corresponding to a 33% variability when scaled to an
equivalent single year of observations). Table 4 lists the threshold levels for questioning the
quality of the ACDF to be tested. If the RMSD value lies below the level in Table 4, the observed
RMSD is within the range expected for chance variations in the rain process and the data set should
be accepted. Higher values are suspect and should be investigated further.
This data quality assessment procedure was developed for use with the T-C & Global model
for generating the reference ACDF. Deviations may be generated relative to any convenient
combination of rain attenuation and rain climate models. The expected variability values will
change with the number of climate regions employed in the rain rate estimation model and the
sophistication of the rain attenuation prediction procedure. With a large number of observed
ACDFs, deviation CDFs may be constructed that display a degree of consistency between the
individual deviation estimates when plotted against the predictions of standard probability models
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(such as normal, Figure 7, or Chi Square, Figure 9). Consistency is indicated by approximate
straight line segments such as would better fit the CCIR & CCIR model displayed in Figures 7 and
11 or the approximate straight line segment through the origin that would better fit the 3 DoF curve
in Figure 13. These self consistent deviation models can then be used to establish the variability
value needed for the hypothesis tests.
The quality assessment procedure based on the T-C & Global model was applied to the
satellite beacon observations from the USA in the CCIR data banks. Fifteen of 58 ACDFs were
judged to be questionable (Table 5). One of these was identified as being caused by a transcription
error when assembling the data bank [Crane, 1989]. Ten of the 15 were from observations at a
single site. A closer examination of the data showed good agreement with the variability model
predictions at 0.01% of the year but poor agreement when the estimated attenuation values were
either relatively large (greater than 16 dB) or small (less than 4 dB). The data can be considered
suspect except within the central region of the ACDFs due to a limited dynamic range for
measurements. After pruning the ACDFs to correct for the dynamic range limitations, all but three
of the observations from the site are consistent with the variability hypothesis. None of the three
remaining outliers are for an integral number of years of observations and agreement with the
model should not be expected. The net result for the USA entries in the CCIR data bank, after
correction and pruning, 7 ACDFs are still outliers. Three of the outliers should not be used in
model development and testing because they do not correspond to integral numbers of years of
observations. The remaining 4 are also suspect and should not be used for model development or
testing.
The CCIR & CCIR model was also used to produce a list of outliers for the USA. Eleven of
the ACDFs were identified as outliers. The transcription error was detected. The 4 outliers that
remained after the analysis reported above using the T-C & Global model were from 3 different
sites. Four of the outliers from relative to the CCIR & CCIR model were from the same three
sites. The details differed in that different paths were identified as outliers. Not one of the ten
paths from the single site were identified as outliers. The data from that site were in the data bank
when the model parameters were set. As a result, complete sets of observations from other sites
within the USA were identified as outliers even though agreement was obtained relative to the
geometric mean model. In this case, the data can not be considered suspect but the rain attenuation
prediction procedure should be questioned.
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5. RECOMMENDATIONS
A model has been developed to estimate the expected year-to-year variations in rain rate or
rain attenuation at fixed probability levels. A rain attenuation prediction model is expected to
predict the long term geometric mean of the cumulative distribution function for rain attenuation.
The variability model describes the expected variation of observed (or predicted) cumulative
distribution functions about the long term geometric mean CDF. It should be used with the rain
attenuation prediction procedure to provide a more complete statistical description of the rain
attenuation process.
The model predictions provide a basis for assessing data quality. Reported CDFs of rain
attenuation measurements should be tested by comparison with a model prediction. The prediction
should be based on the use of a rain climate model together with the rain attenuation prediction
procedure. The ACDF should not be a member of the data set used to generate the parameters for
the model. The RMSD value for the natural logarithms of the ratios of measured to modeled
attenuation at probability levels spaced by at least a factor of three should be calculated as a test
statistic. The test value should be compared with the threshold values in Table 4 to decide on the
quality of the data. If the test value is less than the threshold, the data should be added to the data
bank. If not, the data should be considered suspect and subjected to further scrutiny.
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Table 1 Estimated Deviations (in LN units) Relative to the Geometric Mean Model
Rain Attenuation Rain Rate
Global DA 33% Model DR 24% Model
Location Rzone DoF St.Dev 5%t 95% St.Dev 5% 95%
Europe B 2 0.18 0.07 0.50 0.18 0.05 0.37
B1 0.33 0.37
D3 0.68 • 0.45 •
D2 3 0.13 0.10 0.47 0.14 0.07 0.35
C 0.17 0.15
D1 4 0.12 0.12 0.45 0.11 0.09 0.33
D3 0.35 0.20
Composite 20 0.31 0.21 0.36 0.24 0.16 0.27
(Figure 2)
USA D2 2 0.08 0.08 0.50 0.23 0.05 0.37
D2 0.19 0.12
D2 0.36 0.18
D2 0.10
D2* 0.59* •
D2 0.18
DA = LN(Ratio of Measured to Modeled Attenuation)
DR = LN(Ratio of Measured to Modeled Rain Rate)
° Indicates the standard deviation estimate is not within the 90% bounds for the variability model.
t Chi Square bounds on the variability model for the indicated number of degrees of freedom
(DoF).
* Includes a known transcription error [Crane, 1989], the following line is for the same site and
path but with the error corrected.
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Model # ACDFs
Data Set
Table 2 Residual Errors for Single-Year Data Sets
DA: UC LC DR: UC LC corr RE:
coef
UC LC
Geometric Mean
Europe
0.1% 17 0.20 0.30 0.15
23% 35% 17%
0.01% 27 0.31 0.43 0.25 0.24 0.33 0.19 0.82 0.18 0.25 0.14
37% 53% 29% 27% 38% 21% 20% 29% 15%
0.001% 14 0.22 0.35 0.16
24% 42% 18%
USA
0.01% 9 0.24 0.46 0.16 0.15 0.28 0.10 0.46 0.21
27% 58% 18% 16% 33% 11% 24%
0.50 0.14
65% 15%
T-C & Global
Europe
0.01% 27 0.35 0.45 0.29 0.35 0.45 0.29 0.62
(same as above) 42% 57% 33% 42% 57% 33%
0.01% 24 0.29 0.38 0.24 0.33 0.43 0.27 0.62
(same no outliersite)33% 47% 27% 39% 54% 31%
0.1% 38 0.38 0.47 0.32
(full beacon) 46% 60% 38%
0.1% 34 0.36 0.45 0.30
minus 1 site 44% 57% 35%
0.01% 53 0.31 0.37 0.27 0.29 0.35 0.25 0.61
(full beacon) 36% 44% 30% 34% 42% 29%
0.001% 39 0.31 0.38 0.26
(full beacon) 36% 46% 30%
All
0.1% 113 0.39 0.44 0.35
47% 55% 42%
0.1% 108 0.33 0.38 0.30
(no outliers) 39% 47% 35%
0.01% 106 0.39 0.44 0.35
47% 55% 42%
0.01% 100 0.31 0.35 0.28
(no outliers) 36% 42% 32%
0.001% 58 0.47 0.56 0.41
60% 74% 51%
0.30 0.34 0.27
35% 41% 31%
0.28 0.36 0.23
32% 44% 26%
0.24 0.32 0.20
27% 37% 22%
0.24 0.29 0.21
28% 34% 23%
DA = LN(Ratio of Measured to Modeled Attenuation)
DR = LN(Ratio of Measured to Modeled Rain Rate)
corr coef = Correlation coefficient
RE = Residual error
UC, LC = 10% significance level confidence interval bounds estimated using a Chi Square
distribution with the observed standard deviation estimate and the number of degrees of freedom
for the set of observations.
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Model # ACDFs DA:
Data Set
CCIR & CCIR
Table 2 Residual Errors (Continued)
UC LC DR: UC LC corr RE: UC LC
coef
Europe
0.1% 45 0.33 0.40 0.28
(full beacon) 39% 49% 33%
0.01% 53 0.41 0.48 0.35
(full beacon) 50% 62% 42%
0.001% 39 0.41 0.51 0.35
(full beacon) 50% 66% 41%
An
0.1% 121 0.40 0.45 0.36
50% 57% 44%
0.01% 106 0.47 0.53 0.42 0.38 0.43 0.34
59% 69% 52% 46% 54% 41%
0.001% 58 0.52 0.61 0.45
68% 84% 57%
0.42 0.50 0.36 0.76 0.26 0.31 0.23
52% 65% 44% 30% 37% 25%
DA = LN(Ratio of Measured to Modeled Attenuation)
DR = LN(Ratio of Measured to Modeled Rain Rate)
corr coef = Correlation coefficient
RE = Residual error
UC, LC = 10% significance level confidence interval bounds estimated using a Chi Square
distribution with the observed standard deviation estimate and the number of degrees of freedom
for the set of observations.
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Table 3 Estimated Variation Due to the Use of Climate Zones
Global
E[RMSD]
Climate Zone
RR 0.01%
(rnm/h)
Uniform
LNRR Adjacent Zones Res. Error = 0.24
A 10 2.30 0.25 29% 0.35 42%
B1 15.5 2.74 0.25 28% 0.34 41%
B2 23.5 3.16 0.17 19% 0.29 34%
C 28 3.33 0.12 13% 0.27 31%
D1 35.5 3.57 0.16 18% 0.29 34%
D2 49 3.89 0.17 18% 0.29 34%
D3 63 4.14 0.19 21% 0.30 36%
G 94 4.54 0.13 14% 0.27 31%
E 98 4.58 0.13 14% 0.27 31%
H 147 4.99 0.23 26% 0.34 40%
B 19.5 2.97 0.46 58% 0.52 68%
D = D2 49 3.89 0.45 57% 0.51 67%
F 23 3.14 0.53 70% 0.58 79%
Rms B 1->E 0.17 18% 0.29 34%
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Table 4 Thresholds for Acceptance (98% Bound)
Number of Years:
DoF 1 2 3 4 5 6 7 8
1
2
3
4
5
6
7
8
1
2
3
4
5
6
7
8
0.676 0.549 0.500 0.474 0.457 0.446 0.438 0.431
0.574 0.467 0.425 0.403 0.389 0.379 0.372 0.367
0.526 0.428 0.389 0.369 0.356 0.347 0.341 0.336
0.496 0.403 0.367 0.348 0.336 0.327 0.321 0.317
0.475 0.386 0.352 0.333 0.322 0.314 0.308 0.303
0.460 0.374 0.340 0.322 0.311 0.303 0.298 0.293
0.448 0.364 0.331 0.314 0.303 0.295 0.290 0.286
0.438 0.356 0.324 0.307 0.296 0.289 0.283 0.279
97% 73% 65% 61% 58% 56% 55% 54%
78% 60% 53% 50% 48% 46% 45% 44%
69% 53% 48% 45% 43% 41% 41% 40%
64% 50% 44%42% 40% 39% 38% 37%
61% 47% 42% 40% 38% 37% 36% 35%
58% 45% 41% 38% 37% 35% 35% 34%
56% 44% 39% 37% 35% 34% 34% 33%
55% 43% 38% 36% 34% 33% 33% 32%
Standard Deviation
LN(Measttred to
Modeled Attenuation)
Standard Deviation
Percent Equivalent
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Table 5 Relative Performance of the Models Employed to Study Variability
Region DataBank DataType Atten Rain # #
Model Model Avg RMSD >98% Paths
USA CCIR Satellite Beacon T-C Global 3.4% 49.4% 15 58
CCIR Global -16.2% 49.9% 14 58
T-C CCIR 18.0% 62.1% 25 58
CCIR CCIR -5.7% 44.1% 11 58
CCIR Measured -22.7% 64.7% 17 43
Thayer Satellite Beacon
School (same as above)
T-C Global 5.4% 40.1% 5 55
CCIR Global -17.5% 48.6% 8 55
T-C CCIR 26.6% 58.3% 15 55
CCIR CCIR -5.7% 41.7% 8 55
Thayer (full set)
School
T-C Global 6.6% 37.0% 7 98
CCIR Global -15.6% 52.4% 18 98
T-C CCIR 25.6% 53.6% 23 98
CCIR CCIR 4.6% 48.8% 23 98
EUROPE CCIR Satellite Beacon T-C Global 4.2% 40.5% 11 85
CCIR Global 0.1% 49.3% 16 85
T-C CCIR 2.6% 50.8% 23 85
CCIR CCIR -0.7% 42.4% 15 85
CCIR Measured 18.2% 55.2% 20 76
ASIA CCIR Satellite Beacon T-C Global -8.3% 70.3% 4 25
CCIR Global -13.6% 58.7% 3 25
T-C CCIR -12.6% 110.9% 12 25
CCIR CCIR -17.9% 88.9% 7 25
CCIR Measured -21.0% 70.7% 5 22
global CCIR Radiometer T-C Global -5.4% 54.0% 12 44
CCIR Global -17.6% 55.2% 13 44
T-C CCIR -11.0% 65.3% 19 44
CCIR CCIR -23.3% 51.6% 15 44
CCIR Measured -49.9% 128.7% 14 20
global CCIR Terrestrial T-C Global - 15.1% 31.5 % 5 40
CCIR Global -2.6% 26.3% 2 40
T-C CCIR -31.1% 66.6% 21 40
CCIR CCIR -6.5% 31.5% 4 40
CCIR Measured 6.3% 20.9% 2 39
global CCIR Entire T-C Global 47 252
CCIR Global 48 252
T-C CCIR 100 252
CCIR CCIR 52 252
CCIR Measured 58 200
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RAIN CORE STRUCTURE STATISTICS DERIVED FROM RADAR AND DISDKOMETEK
NEASUREHENTS IN THE MID-ATLANTIC COAST OF THE U.S.
Julius Goldhlrsh, Bert H. Musianl
The Johns Hopkins University, Applied Physics Laboratory. Johns Hopkins
Road, Laurel, MD 20707
Abstract
During a period spanning more than 5 years, low elevation radar
measurements (PPIs) of rain were systematically obtained in the mid-Atlantic
coast of the United States. Drop size distribution measurements with a
nearby disdrometer were also acquired during the same rain days. The drop
size data were utilized to convert the radar reflectivity factors to
estimated rain rates for the respective rain days of operation. Employing
high level algorithms to the radar data, core values of rain intensities
were identified (peak rainrates), and families of rainrate isopleths were
analyzed. In particular, equi-circle diameters of the family of isopleths
enveloping peak rain intensities were statistically characterized. The
results presented herein represents the analysis (ongoing) of two rain days,
12 radar scans, corresponding to 430 culled rain rate isopleths from an
available data base of 22000 contours, approximately i00 scans encompassing
17 rain days. The results presented show trends of the average rain rate
versus contour scale dimensions, and cumulative distributions of rain cell
dimensions which belong to core families of precipitation.
!. Introduction
The statistics associated with the structure and spacing of rain cells
are important to communicators interested in modeling rain attenuation for
earth-satellite and terrestrial communications [CCIR, 1986]. Such
statistics enable the evaluation of fade margin requirements for both single
site and space diversity configurations [Goldhirsh, 1982]. A number of
investigators have previously defined rain cell structures in different
ways. For example, Crane [1983] characterized a cell as the 3 dB down
isopleth of a core value of reflectivity factor. He subsequently related
the corresponding area to the area averaged rain rate. Lopez et. al [1984]
defined rain cell area by the minimum rain rate contour separating two
cores. For the isolated cell case, only the minimum detectable contour
values were considered. Konrad [1978] characterized cell areas by the i0 dB
down contours from the peak value where the area statistics were equally
weighted independent of core values. In addition to the above, this effort
differs from previous ones in the following ways: (i) The radar employed
has a resolution significantly larger than those used by the other
investigators (with the exception of Konrad [1978]), and (2) the previous
results were generally expressed in terms of radar reflectivity factors or
in terms of rainrates employing fixed empirical relations. This effort
incorporated the results of drop size distribution measurements used to
convert reflectivity factors to rainrates.
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We extend a previous work by Goldhirsh and Musiani [1986] in which
22000 rate isopleths were generated from I00 low elevation azimuthal radar
scans and disdrometer measurementsencompassing 17 rain days. The radar
measurementswere madewith the high power, high resolution SPANDARradar at
the NASAWallops Flight Facility, Wallops Island, Virginia. In the previous
analysis, the areas of the rainrate isopleths were calculated, and the
probability densities and cumulative distributions associated with the equi-
circle diameters of the rain rate isopleths were determined; an equi-circle
diameter being defined as the diameter of a circle whose area equals the
contour area. The previous analysis by the authors did not relate the cell
dimensions to "core" rain or "peak" rain intensity levels of rain cells as
we do here, but categorized the isopleths according to rainrate levels
independently of whether it belonged to high or low core values.
2. Experimental Aspects
2.1 Radar Measurements
The nominal operating parametersof the SPANDAR radar are given in Table
i. Radar measurements of the rain structure were made over contiguous gates
of 150 m in range within an annular region from i0 to I00 km from the radar.
At a fixed elevation of 0.4 ° , the azimuthal scan rate was 3°/s, and a set of
radar measurements in range was obtained for approximately each i° azimuthal
interval. The absolute calibration uncertainty of the radar was
approximately I dB. The power measurements were integrated in real time via
an interfacing processor and stored on a 9 track tape recorder for off-line
reduction and analysis.
2.2 Disdrometer Measurements
A Rowland disdrometer [1979] was employed to measure the family of drop
size distributions during each rain day in which radar data were
accumulated. The disdrometer system is an electromechanical sensor
comprised of a piezoelectric crystal imbedded in a plexiglass block. The
sensor was calibrated such that raindrops of known diameters falling at
terminal velocity on the sensor head generated unique voltages at the output
of the crystal. These voltages were fed through an analog to digital
converter, stored on magnetic tape, and analysed. Scatter plots of rain
rate R (mm/h) versus radar reflectivity factor Z (mm6/m 3) were generated for
each rain day where each point on the scatter plot represented the
acquisition of i000 rain drops from which a single calculation was made of R
and Z. Typically, scatter plots consisted of more than I00 distributions
and sampling periods ranged from one to two hours. Least s_uare R - Z
regression relations were calculated having the form R = a Z from which
values of a and b were generated for each rain day.
In Table 2 is a listing of these disdrometer least square fit power
relations for each of the 17 rain days in which disdrometer data were
acquired. The rainrate standard errors were found to range between 14_ and
40_ with an overall average of 24_. The radar measured reflectivities for
each of the rain days were converted to rainrates employing the best fit
values a and b in Table 2. These relationships are plotted in Figure 1 as a
demonstration of the variability of the R-Z relations in the mid-Atlantic
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coast geographic region over which the measurementswere made. Wenote that
6 3
at Z - i0 mm /m , the span of rain rates range from R = 1.5 to 4 mm/h. At
5 6 3 • • •
Z - I0 mm /m , R ranges from 40 to i00 m/h. It is interestlng to note that
the R-Z relation of Marshall-Palmer [1949] given by R = .0365 Z °'625 is
bounded by the family of distributions in Figure i and results in R z 2.7
and 48.7 mm/h at Z - 103 and 105 mm6/m 3, respectively.
3. Contour Levels
3.1 Method of Construction
As mentioned, a set of reflectivity levels were originally determined
for approximately every I ° in azimuth and 150 m in range. To mitigate the
effects of noisy data, the reflectivity factors over three range bins were
averaged. As mentioned, they were converted to rain rates using the
measured relationships given in Table 2. The corresponding rain rates were
subsequently mapped onto an X-Y grid indicating the east-west and north-
south distance locations relative to the SPANDAR radar. They were then
binned over rainrate intervals defined by the "Level Numbers (LN)" in Table
3. An algorithm was implemented which did the following: (a) identified
contiguous values of I/q, (b) connected a line between the contiguous values
of LN, and (c) recognized when the line closed upon itself to establish a
closed contour.
A second algorithm was developed which identified clusters of rain rate
isopleths which enveloped "core" rainrates. Those isopleths which
identified the same core value were grouped into a family of contours and
are referred to as a "core family". For each isopleth belonging to a core
family, the area, centroid location, maximum and minimum lengths from the
centroid to each respective contour, and core orientation (angles relative
to north in which the maximum and minimum lengths are directed) were
determined. The core family characteristics were then grouped in terms of
their core levels (peak rainrates) for statistical analysis. As an example,
we show in Figure 2 a complex set contours in the south-west quadrant
belonging to core families whose exterior are at levels 5 and greater.
These contours were derived from radar measurements made on February 17,
1983. In Figure 3, we have zoomed in on a family of contours associated
with the core level LN = 9 (32 43 mm/h) whose core centroid is located at
approximately X = - 43.5 km, Y = - 28.5 km relative to the radar (see arrow
in Figure 2).
3.2 Data Base
In Table 4 are summarized the data bases available for analysis. The
data covers an approximate five and one half year period encompassing 17
rain days and all seasons. Approximately i00 scans (PPIs) are available for
analysis over which more than 22000 closed contours require culling. As of
this writing, the statistics associated with 430 culled contours have been
reduced and analyzed. These data encompass the rain days January 2, 1979
and February 17, 1983 and correspond to 12 radar scans. The effort is
continuing with the goal to analyze the full data base.
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4. Results
In Figure 4 are shown conditional cumulative distributions for a family
of contours corresponding to the peak rain rate for LN = 7. These statistics
address the question, "Given rain rate isopleths belonging to a core value
of LN = 7 (18 24 mm/h), what is the probability that the isopleths have
equi-circle diameters which exceed given values?" Only contours of level 5
and greater are considered in this analysis due to excessive computer times
at the smaller levels. Furthermore, only contours with rainrates which
monotonically increase (or are constant) within each contour wereconsidered
in the determination of the statistics. We note (Figure 4) that the
distributions have approximate exponential shapes for diameters greater than
i km. Families of distributions have also been determined for core levels 8
and 9 (not shown) showing similar exponential decrease in probability with
increasing diameter. In Figure 5 is shown a family of curves depicting the
average equi-circle diameters (ordinates) for core level numbers ranging
from 7 to ii. The abscissa represents the center rainrates in the intervals
defined in Table 3.
5. Summary and Conclusions
The results presented herein provide rain cell structure information
for modelers of slant path attenuation interested in the attenuation effects
of precipitation for earth-satellite or terrestrial communication
configurations operating at frequencies above i0 GHz. The developed
algorithms enable the grouping of families of rainrate isopleths belonging
to core values of rain intensities. Preliminary analyses for two rain days
show well defined trends in the contour diameter cumulative distributions
and average equi-cell diameter variations with rainrate. It is observed in
Figure 5 that core rainrates with greater intensities contain significantly
more structure and larger cell diameters than cells having lower core
rainrates. The overall average equi-circle diameter for each core family
with good approximation linearly decreases with increasing rainrate over the
indicated range of values. For diameters greater than i km, the cumulative
probability distributions of contour diameters exponentially reduce with
increasing diameter (Figure 4). The exponential decay in the cumulative
distributions is consistent with the cell results of Goldhirsh and Musiani
[1979] for the combined cell diameter case.
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Table i
Nominal Radar Parameters for SPANDAR
Radar Location Lat - 37_ 51' 16.8" N
Long - 75 30' 48.4" W
Radar Name SPANDAR (FPS 18)
Peak Power i megawatt
Center Frequency 2.84 GHz
Diameter of Dish 18.3 m
Gain 50.6 dB
Beamwidth 0.4 °
Pulse Width I #sec
Range Resolution 150 m
Prf 320 Hz
Freq Diversity:
# of Steps 24
Step Size > Ii MHz
Polarization Vertical
# of Samples 128
Sampling Time 0.4 sec
# of Gates 871
Calib Error +/- I dB
134
Table 2
Listing of Disdrometer Derived Best Fit R ffiaZb
Parameters where [R] - mm/h and [Z] - mme/m 3
(Julian days indicated in parentheses)
Day a b % SE
6/6/77 (157) 7.03 x i0 "3 0.812 24.6
6/9/77 (160) 6.20 x I0 "2 0.566 24.8
8/24-25/77 (236) 9.73 x 10 -3 0.780 29.0
9/14/77 (257) 3.68 x 10 -2 0.655 17.8
11/27/78 (331) 5.71 x 10 .2 0.572 29.8
1/2/79 (002) 4.0 x 10 -3 0.86 30.0
1/24/79 (024) 4.52 x I0 "2 0.644 26.1
3/6/79 (065) 1.90 x 10 .2 0.751 39.7
4/4/79 (094) 3.15 x 10 -2 0.676 18.9
5/31/79 (151) 7.86 x 10 .3 0.767 19.8
6/11/79 (162) 3.26 x 10 .2 0.615 22.9
9/5/79 (248) 7.235 x 10 .3 0.796 --
3/14/80 (073) 7.41 x 10 .2 0.566 24.1
4/10/80 (i00) 1.79 x 10 .2 0.674 28.5
4/15/80 (105) 3.85 x 10 .2 0.604 14.2
11/15/83 (319) 1.65 x 10 .2 0.739 17.4
2/17/83 (048) 3.6 x 10 -2 0.625 19.4
Table 3
Contour Level Numbers (LN),
Corresponding Rainrate
and Nominal (MP) dBZ Intervals
Contour Rain Rate Nominal
Level # Interval dBZ
LN (mm/hr) Interval
0 >.5 >18
i 0.5-1 18-23
2 1-2 23-28
3 2-4 28-33
4 4-8 33-37
5 8-12 37-40
6 12-18 40-43
7 18-24 43-45
8 24-32 45-47
9 32-42 47-49
i0 42-56 49-51
Ii 56-75 51-53
12 75-100 53-55
13 100-133 55-57
14 133-205 57-60
15 >205 >60
Tabl..__._.ee_
Data Base Available for Analysis
Number of Rain Days 17
Winter 6
6
Spring 3
Summer
Fall 2
Number of Scans (PPIs) 96
Number of Total Contour 22,308
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30 3'6 4'o 4'_ 5_ 5'_
RADAREFLECTIV]T¥FACTOR(dBZ)
Figure I Family of disdrometer derived R-Z
relations where each curve represents a
different rain day (Table 2).
70 -
_ 0 _ o _
0 10 20 30 40 50 60 70
RANGE FROM RADAR (km; WEST)
Figure 2 Rainrate isopleths belonging to core cells in the south-
west quadrant of a radar scan on February 17, 1983.
Exterior isopleths are level 5 or greater.
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Figure 4
Cumulative distributions
isopleths belonging to
family LN = 7.
Figure 5
Average diameter versus center
rainrates for core families in the
level range LN = 7 to II (Table 3).
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OBSERVATIONS OF ATTENUATION AT 20.6, 31.65 AND 90.0 GHz -
PRELIMINARY RESULTS FROM WALLOPS ISLAND, VA
J. B. Snider, M. D. Jacobson, and R. H. Beeler
NOAA/ERL/Wave Propagation Laboratory
Abstract - Ground-based radiometric observations of atmos-
pheric attenuation at 20.6, 31.65 and 90.0 GHz were made at Wallops
Island, VA during April and May 1989. Early results from the
analysis of the data set are compared with previous observations
from California and Colorado. The relative attenuation ratios
observed at each frequency during clear, cloudy, and rainy
conditions are shown. Plans for complete analysis of the data are
described.
i. Introduction
During 1987 and 1988 the NOAA/ERL/Wave Propagation Laboratory
(WPL) transportable three-channel ground-based radiometer measured
atmospheric attenuation at 20.6, 31.65, and 90.0 GHz at San Nicolas
Island, CA (July 1987) and Denver, CO (December 1987 and August
1988). From April Ii to May 8, 1989, additional measurements were
made at Wallops Island, VA (hereafter referred to as Wallops for
brevity). Because of the relatively short time between
observations and the June 1989 NASA Propagation Experimenters
(NAPEX) meeting, and because all supporting data have not yet been
made available, the material presented in this paper is preliminary
and incomplete. However, since both the quality and the variety
of the data collected at Wallops were exceptional, it is desirable
to present some early results.
2. Description of Experiment
The observations at Wallops were made in conjunction with an
experiment designed to investigate the measurement of atmospheric
moisture by an array of ground-based remote sensors and in situ
balloon-borne humidity sensors. The experiment, ATmospheric
moisture Intercomparison Study (ATMIS), was conducted primarily
during the nighttime hours from April ii to April 18. The
organizing agency for ATMIS was NASA/Goddard.
During ATMIS w joint observations of water vapor were made
simultaneously by radiometers operated by Jet Propulsion Laboratory
(JPL), NASA/Goddard, Pennsylvania State University (Penn State),
and WPL, and by an ultraviolet lidar operated by NASA/Goddard. In
addition, when clouds were present, simultaneous observations were
made by the SPANDAR radar operated by the Applied Physics
Laboratory of Johns Hopkins University. Supporting data consisted
of several radiosondes daily, each equipped with three different
types of humidity sensor, and a lidar ceilometer and multi-beam
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Doppler acoustic sounder, both owned and operated by Penn State.
During the week of the ATMIS, and for the following three weeks,
the WPL radiometer operated mostly in the zenith direction
providing both water vapor data and atmospheric attenuation data.
However, on a few occasions the system was employed in an azimuthal
scan mode to make joint observations with other radiometers having
scan capability to determine the homogeneity of the water vapor
field. Other brief interruptions of the attenuation measurements
were necessary for instrument calibration. Approximately 570 hours
of attenuation data were collected by the WPL system.
Procedures employed by the WPL microwave radiometer in the
measurement of atmospheric attenuation have been described at
previous NAPEX meetings and in the literature (Westwater et al.,
1988; Westwater and Snider, 1989) and will not be presented here.
However, whereas previous observations have employed either 60- or
120-sec averaging times, we used a 30-sec interval at Wallops in
order to extend subsequent spectral analysis to higher temporal
frequencies.
3. Preliminary Results
Weather at Wallops varied from clear and dry to four events
in which the precipitation rate was perhaps the highest observed
to date (inferred from the attenuation values as quantitative
precipitation rates were not measured). Because of the high
rainfall rates, radiometer saturation at all frequencies occurred
on a few occasions. More typically, however, saturation was found
to occur at 90 GHz but not at the two lower frequencies.
Saturation events have been removed from the data set by limiting
attenuation values derived from the radiometer data to less than
12 dB. A case where saturation occurs is indicated in the time
series of Fig. i.
Cumulative distributions of zenith attenuation are presented
in Fig. 2, along with means and standard deviations. Note that at
a relatively wet location such as Wallops, the atmospheric
attenuation at 20.6 GHz generally exceeds that at 31.65 GHz. This
is in contrast to the situation at Denver in December where
attenuation at 31.65 GHz exceeds that at 20.6 GHz for about 65
percent of the time. The general shape of the distribution is
similar for Denver and Wallops since some precipitation occurred.
However, for SNI where no precipitation fell, the distributions are
dissimilar. Table I contains a statistical comparison of our
radiometrically-derived atmospheric attenuation at various
locations.
In another useful type of comparison that deserves increasing
attention, we examined the ratios of attenuation observed at the
three frequencies for both combined clear-cloudy conditions and for
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clear conditions at Wallops. Results for the former are in Fig. 3a,
which shows how the ratios vary as conditions change from clear to
cloudy to precipitating. In general, the attenuation ratios remain
relatively constant on the right side of the distributions. This
portion of the distribution is associated with clear weather and
non-precipitating clouds. However, on the left side of the
distribution, where precipitation and high liquid water contents
are present, the ratios change rather dramatically, approaching a
factor of 9 for the 90/20 GHz attenuation ratio.
Similar data for the clear weather case (Fig. 3b) show a much
smaller variation, in general, although some non-linear effects
occur during conditions of higher atmospheric moisture.
Understanding these effects, of course, is critically important to
the eventual extension of the satellite communication bands to 90
GHz and higher. During the next year, we plan to investigate
attenuation ratios in greater detail and include the data sets
collected earlier in the NAPEX program. Fig. 4 contains
attenuation ratio data observed in Denver during August 1988 for
clear, cloudy, and rainy conditions.
4. Future Plans
Plans for future analysis of the Wallops data set include
studies similar to those previously reported as well as new
investigations:
Comparisons of measured and calculated values of atmospheric
absorption and attempts to improve present absorption models.
The simultaneous observations of atmospheric humidity by three
different types of sensor may help shed new light upon the
modelling problem.
- Further study of regression relationships for prediction of
attenuation between various frequencies.
- Refinement of liquid absorption models.
Further studies of the attenuation ratios observed during the
Wallops observations and extension of the study to the entire
data set.
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Table I - Comparison of 20.6/31.65/90.0 GHz Attenuation Statistics
For Three Locations at Various Times of the Year. Clear
and Cloudy Data Combined.
Location
20.6 GHz
Mean Std. Dev.
31.65 GHz
Mea____nnStd. Dev.
90.0 GHz
Mean Std. Dev.
San Nicolas
(el 13 m)
July 1987
(All values are in dB)
0.398 0.113 0.321 0.096 1.128 0.498
Denver
(el 1611 m) 0.159
Dec. 1987
0.068 0.158 0.081 0.411 0.323
Denver
(el 1611 m) 0.497
August 1988
0.195 0.278 0.259 1.190 1.850
Wallops Is.
(el 2 m)
April/May
1989
0.428 0.291 0.398 0.407 1.239 1.323
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Figure 1. Time series of brightness temperatures at 20.6, 31.65,
and 90.0 GHz during clouds and precipitation. Radio-
meter saturation at all frequencies occurs near 1000
and 1210 UTC.
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Wallops Island, VA, for clear and cloudy conditions.
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Abstract -- Oround-based radiometer measurements at 20.6, 31.65, and
90.0 Gllz have been analyzed to provide attenuation statistics, thus extending
the data base of previous NAPEX studies. Using data from colocated
radiosondes, comparisons of measurements and calculations of bi'ightness
temperatures are presented. The oxygen absorption model of Rosenkranz
(1988) and the water vapor absorption models of Liebe (1989) and of Waters
(1976) are used in the study. Data from July 1987 at San Nicolas Island, Cali-
fornia, and from December 1987, August 1988, and November 1988 at Den-
ver, Colorado, are included in the study. Joint-attenuation statistics at 20.6 and
31.65 Gl-lz are presented for two locations of the Colorado Research Network
(Denver and Platteville) for December 1987 and August 1988.
1. hitroduction
In the work reported in the Proceedings of NAPEX XII (Davarian, 1988), Westwater et
al. (1988) presented attenuation statistics derived from radiometric data taken at 20.6,
31.65, and 90.0 GHz. These data were taken with the NOAA steerable-bearn three-chan-
nel radiometer. Statistics were presented for San Nicolas Island, California, July 1987,
and for Denver. Colorado. December 1987. In this paper we present single-station attenu-
ation statistics for the same three frequencies at Denver, August 1988; in the companion
paper by Snider et a1.(1989), aim extended set of statistics is presented for Wallops Island,
Virginia, April 1989. We also present a summary of our results in modeling clear air
absorption. Finally, we use data from the Colorado Research Network of dual-channel
radiometers to derive joint-station attenuation statistics for Denver and Piatteville.
2. Clear Air Thermal Emission: A Comparison of Theory and Experiments
As discussed by Westwater et al. (1988), the NOAA steerable-beam radiorneter is
calibrated by time "tipping curve" method. If independent measurernents are available of
time atmospheric variables describing the thermal emission, i.e., the vertical distributions
of temperature, pressure, water vapor, and cloud liquid, then measurements anti calcula-
tions can be compared to study absorption models. In particular, various absorption mocl-
els for oxygen and for water vapor can be comparecl in this way. Our procedure
(Westwater et al., 1989) is to calculate, for each height level at which meteorological data
are available, the absorption coefficient. Brightness ten_peratures are then calct, lated by
numerically integrating the radiative transfer equation. Since the rawinsonde data that w,e
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used to provide meteorological data do not measure cloud liquid, we restricted our com-
parison set for this section to clear sky conditions.
During 1987 and 1988, ground-based zenith-viewing observations of atmospheric
thermal emission were made at the frequencies of 20.6, 31.65, and 90.0 GHz. At the
locations of the experiments, San Nicolas Island, California, and Denver, Colorado,
rawinsonde observations of temperature and humidity were also available. Two types of
rawinsonde observations were available: standard soundings taken by time National
Weather Service and those from a relatively new rawinsonde package, the Cross-chain
Loran-C Atmospheric Sounding System (CLASS). The meteorological data were then
used with radiative transfer computer programs that calculated brightness temperature
and total attenuation. The resulting brightness temperatures could then be directly com-
pared with measurements. Absorption algorithms of Liebe (1989), Waters (1976), and
Rosenkranz (19881 were used in the comparison study. Composite results comparing the-
ory and measurements are shown in Figs. 1-3. Somewhat surprisingly, at 20.6 and 31.65
GHz, the relatively ohJ model of Waters is in" better agreement with the measurements
than that of Liebe; however, at 90.0 GHz, the model of Liebe is clearly superior. We
intend to continue this analysis as more data become available.
3. Single-station Attenuation Statistics
Time methods used in deriving attenuation from emission, as well as our procedures for
editing of data. were described by Westwater et al. (19881. We continued the Denver,
Colorado, analysis by deriving statistics at 20.6, 31.65, and 90.0 GHz for the month of
August 1988; these results are shown in Fig. 4. Primarily because of the influence of
liquid-bearing cumulus clouds, much higher attenuations were encountered than during
December in Denver, or July in San Nicolas Island. The analysis of the new Wallops
Island data is given by Snider et al. (19891.
4. Joint-station Attenuation Statistics
As described by Westwater and Snider (1987), the Wave Propagation Laboratory oper-
ated a research network of dual-frequency radiometers in the front range of eastern Colo-
rado. We chose to analyze joint-station attenuation statistics (at 20.6 and 31.65 GHz) for
Denver and Platteville, located about 40 km apart. Two months were chosen: 1987 De-
cember and 1988 August.
As was discussed previously, all data represent 2-rain averages. Since the clocks at
the two sites were not synchronized, we first ran the time series through a time matching
algorithm: data were paired such that the maximum time difference associated with a pair
was 1 rain. Then, statistics were derived for each station, both individually and jointly, for
the paired data. Thus, data for which there were gaps at at least one station, were not
included in the statistics. Plots of the individual attenuation statistics are in Figs. 5 and 6.
Although the cumulative distributions are somewhat different, both the means and the
standard deviations are statistically indistinguishable.
We also developed joint statistics in the following manner: let (rD)j and (Tp)j be the/tim
data pair for Denver and Platteville. For the /tim pair, we calculated the corresponding
quantities - maximum (roi, "gPi) and minimum (ro_, tin). Then we cornputed the cumula-
tive distribution from the time series of both the minimum and maximum of the two-sta-
tion distributions. These joint statistics, for 20.6 and 31.65 GHz, are shown in Figs. 7 and
8. Note that for the August statistics, a difference in maximum to minimum of about 6 dB
is achieved at 31.65 GHz.
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5. Plans
We will continue the analysis of the Wallops island data to compare clear air calcula-
tions of brightness temperature with measurements. This comparison will be broadened to
include all of our existing data including data with clouds. We will also examine the
newest cloud models. Some of our existing 6-channel data at Stapleton Airport will sup-
port this effort. In addition, at least one 3-day period of rain will be analyzed.
In the near future, WPI_ will have at least four dual-channel radiometers available. We
propose to deploy these radiometers at various spacings in tile Denver area to develop a
reasonable set of space and time diversity statistics.
We plan to extend the diversity analysis of existing dual-channel radiometer data of
Denver and Platteville to cover a time period of at least 2 years.
We propose to make joint observations of slant-path attenuation in conjunction with
the microwave radiometers and receivers being built by Virginia Tech in support of the
OLYMPUS project. For this collaboration, we would operate the three- channel steerable
radiometer at the Blacksburg, Virginia, receiver site. A tentative time for the joint experi-
ments would be summer 1990.
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Abstract--At low elevation angles, the propagation of
satellite signals is affected by precipitation as well as by
inhomogeneities of the refractive index. Whereas precipitation
causes fades for relatively small percentages of time, the
refractive index variability causes scintillations which can be
observed for most of the time. An experiment is now under way in
Austin, Texas, in which the right-hand circularly polarized 12
GHz beacon of INTELSAT-V/FI0 is observed at a 5.8 degree
elevation angle, along with the radiometric sky temperature, the
rainfall rate, humidity, pressure, temperature, and wind speed
and direction. The objective of these measurements is to
accumulate a database over a period of 2 years and to analyze the
probabilities and dynamical behavior of the signal variations in
relation to the meteorological parameters. This paper describes
the hardware and software used for the data acquisition and
analysis and presents results from the first year of
measurements.
i. Introduction
Line of sight sa£ellite communications links to earth
operating at wavelengths shorter than 3 cm are subject to
degradation brought about by the interaction of electromagnetic
waves with some of the constituents of the troposphere. The most
basic effect is the attenuation of the signal. Energy is removed
from the wave either by absorption or redirection. At the
frequency of interest here, 12 GHz, absorption is caused all of
the time and at a relatively constant small rate by oxygen and
water vapor and for a small fraction of the time and at large
rates by rain or other hydrometeors. The second loss mechanism,
redirection, is mainly associated with the time-varying
inhomogeneities of the refractive index. The received power
undergoes variations, because the phase front of the wave has
been distorted or redirected. This effect is enhanced on paths
with elevation angles below about i0 deg, where it occurs most of
the time.
The objective of this research project is to make
continuous measurements of the signal amplitude received from a
This research was supported by INTELSAT under Contract INTEL-
540B. The opinions expressed are not necessarily those of
INTELSAT.
*Now with Electro-Mechanics Co., Austin, Texas
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satellite at 5.8 deg elevation and to correlate these data with
simultaneously collected radiometric sky temperatures as well as
local meteorological quantities. The motivation for the effort
arises from the desire to utilize existing or new satellites to
provide service to locations with elevation angles below current
standards. In order to do this, however, the performance
statistics underlying the service have to first be known or made
predictable.
Many measurements have been performed on paths with
elevation angles greater than 15 deg and prediction models
developed for rain attenuation [CCIR, Rep. 721-2] and clear-air
scintillations [CCIR, Rep. 718-2] are available. More recent
measurements on low elevation angle paths have been summarized by
Karasawa, Yamada, and Allnutt [1988], who proposed a new
scintillation prediction technique incorporating meteorological
parameters. The data obtained in this experiment will be used to
further refine low elevation angle rain attenuation and
scintillation models.
• Experiment Description
Both the 11.198 GHz beacon receiver as well as the
radiometer make use of the same 2.4 m conical horn-reflector
antenna, employing opposite sense circular polarizations. The
antenna's apex protrudes into a temperature controlled building,
where it feeds the front-end electronics. Following down-
conversion, intermediate frequency signals are sent to the back-
end of the receivers and the data acquisition system, located
directly below the antenna.
The beacon receiver is not of phase-locked loop design, but
utilizes a 32 channel filterbank. The filters have a bandwidth
of i00 Hz and are spaced at 50 Hz intervals.[Dinn and Zimmerman,
1978] The data acquisition program adjusts a synthesizer to
track the satellite beacon within a particular filter. This
design assures that the receiver measures fades to the noise
threshold without data loss due to loss of lock conditions or
lock acquisition delays• Samples of beacon data with low and
normal scintillations and from a rain event are given in Figure
i.
The radiometer is of continuously calibrating, gain
controlled, Dicke-switched design, implemented in a desk-top
computer. It has three states, switching between (i) the
antenna, (2) a computer controlled comparison load, and (3) the
comparison load plus a noise source. The gain of the radiometer
is adjusted to keep the output voltage during the third phase at
a constant level• The radiometer's temperature to voltage
conversion gain and noise temperature are monitored and used to
calculate the measured sky temperature. The coupling of the
antenna to the ground has been estimated to be 4 K. This
estimate is based on comparing sky temperatures measured in clear
air with calculations using the CCIR [Rep. 718-2] procedure•
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Meteorological parameters measured at the site are the
ambient temperature, pressure, relative humidity, wind speed, and
wind direction. A tipping bucket rain gauge is used to measure
rainfall rates.
All data are recorded by a desk-top computer based data
acquisition system. The beacon level is recorded twice a second
or every I0 seconds, depending on its variability and level; the
sky temperature and meteorological quantities are recorded every
I0 seconds.
Data Analysis Procedures
3.1 Quality Control
The raw data of each month go through a quality control
inspection procedure. This consists of an interactive but highly
automated program, displaying each hour's data graphically and
allowing the operator to make appropriate editing decisions for
abnormal conditions. The decisions are recorded in an ASCII file
as a macro command, to be executed again by the data analysis
program, when it expands the unedited raw data into calibrated
and corrected time series of .5 second beacon samples and i0
second samples of all other quantities. Most of the exceptions
are handled automatically by the quality control program, but
full operator control is always available. The program also
calculates 6 minute averages of the fade level and sky
temperature, values used for the determination of the free-space
and clear-air levels, as explained below. At each stage of these
procedures, ASCII data files can be produced for plotting of any
of the intermediate results.
The abnormal or exceptional conditions for which a macro
entry is produced include any condition which is not the fast
recording mode with all systems fully operational. Some of these
conditions are the calibration periods, solar transit, and
receiver malfunctions.
3.2 Clear-Air Level Estimation
The 6 minute averages for the beacon fade and the sky
temperature calculated during the quality control pass of the
data are recorded and used for the estimation of the free-space
and the clear-air fade levels. The free-space fade level is the
average signal fade relative to a level without any gaseous
absorption and without antenna misalignment or receiver offset
drift. As the gaseous absorption is about 1 dB at Ku band at
5.8 deg elevation, the normal free-space fade level is about
1 dB. The clear-air level is taken relative to this prevailing
gaseous attenuation, i.e. the normal clear-air fade level is
0 dB.
The free space fade level for each 6 minute interval of a
particular day is estimated using data including the three days
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immediately before and after the day in question. Only data for
which the sky temperature is less than 90 K are considered in the
procedure. This avoids including rain fade events into the
estimation. After subtracting from the beacon level the gaseous
attenuation calculated from the measured sky temperature, only
effects due to antenna misalignment and gain offsets remain. The
7 days of data are then subjected to a diurnal decomposition,
which reveals both the moving average and the seasonal component.
Shown in Figure 2 for 25 days, the seasonal component has a
24 hour period and typically about 1 dB peak-to-peak deviation,
because the receiving antenna is fixed but the satellite apparent
azimuth and elevation are changing due to the motion of the
spacecraft (.25 deg). A sidereal shift is noticeable.
The beacon fade levels are corrected with the smoothed
diurnal variation estimates and the moving averages. The clear-
air gaseous absorption estimate for each day is based on the
lower quartile of the sky temperature derived attenuation,
excluding fade events. The error of this estimate is probably of
the order of .I dB.
4. Results
The cumulative distribution of the beacon signal has been
plotted (Fig. 3) on a logarithmic percentage scale. The solid
curve represents the attenuation. The dashed curve, the
enhancements, is derived from 100% minus the percentage the
attenuation exceeded the ordinate. In April 1989 fades exceeded
16.7 dB and enhancements 2.5 dB for 0.1% of the time. The
asymmetry of the plot is due to rain fades.
g/m _lantJin path-length for typical water vapor content of i0 toAustin is about i0 airmasses or 25 km [Altshuler,2O
1986] at 5.8 deg elevation. Considerable signal level variations
result in clear and cloudy turbulent air. As shown in Fig. 4, at
a 0.1% probability level, the rms scintillations exceeded 4.7 dB
in April 1989. This compares to below 2.0 dB for Dec. 1988, the
most quiet month of the year.
Estimating the physical temperature from a regression
analysis of the path transmission, defined by i0 (-F/10) with F
the fade in dB, and the radiometric sky temperature resulted in
271.3 K for June 1988, based on equal probability values. Even
though a single aperture is used for the two measurements, beam-
filling effects, scintillations, as well as vertical temperature
gradients can cause wide variations of the instantaneous value.
This is demonstrated in Fig. 5, which shows an event which
started with a temperature of 284 K. When the storm receded, the
measured medium temperature dropped to only 239 K. Nevertheless,
Fig. 6 shows that a median linear relationship between sky
temperature and beacon transmission can be established. For
April 1989, the dashed lines give event count contours (i0 sec
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samples) and the dotted curves are the 10th, 50th and 90th
cumulative percentiles of the events.
5. Summary
A long term low elevation angle beacon experiment is now
under way in Austin, Texas at Ku band. The effects of turbulence
and rain will be measured and used to predict the performance of
such links at other locations. While radiometers are invaluable
to establish the clear air signal level, results point out the
difficulty of estimating slant path fades other than averages
from radiometric measurements, especially at low elevation
angles, where the dynamic behavior of the channel is important.
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Atmospheric Transmission Calculations for
Optical Frequencies
Kamran Shaik
Jet Propulsion Laboratory
California Institute of Technology
Pasadena, California 91109
Abstract
A quantitative study of the transmission loss through the entire atmosphere for optical frequencies likely
to be used for an earth-space communication link using existing databases on scattering and absorption
characteristics of the atmospheric constituents is presented.
1.0 Introduction
Laser communication technology can potentially provide (i) an enormous data bandwidth for signifi-
cantly improved channel performance, (ii) an advantage in weight, size, and power consumption over con-
ventional systems in use today, and (iii) non-interacting multiple access link geometries that are amenable to
extensive frequency reuse, and secure systems with low probability of interception and jamming. For these
reasons, the development of an optical communication systems for deployment in space is being actively
pursued at the Jet Propulsion Laboratory (3PL).
Development of robust line-of-sight earth-space optical communication depends on an accurate descrip-
tion of the expected propagation loss through the atmosphere. In the absence of thick clouds, which can
completely close down a communication link, the transmission loss is primarily due to absorption and scat-
tering by molecules, aerosols, fog, haze, and other particulate matter in the atmosphere. The present work
attempts to quantify these adverse atmospheric effects on light propagation to provide reasonable estimates
of link budgets for optical communications.
2.0 Transmission Calculations
2.1 Transmission Codes
The High Resolution Transmittance (HITRAN) computer code, developed at the Air Force Geophysics
Laboratory (AFGL), is one of the most complete compilations of molecular absorption data [1]. The com-
pilation gives various line parameters for almost 350,000 lines over a spectral region from ultra-violet to
millimeter waves with a resolution of 10 -5 nm -1. This code can be used to make a detailed study of laser
frequencies which are likely to be used for communication purposes and ensure that the carrier frequency
does not fall on a strong absorption line. However, the computer codes LOWTRAN (Low Resolution Trans-
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mission)andFASCOD(FastAtmosphericSignatureCode),alsodevelopedbyAFGL,arebettersuitedfor
theanalysisat hand[2-3]. BothLOWTRANandFASCODincludethe ability to computetransmission
lossdueto thin cirrusclouds,aerosols,andhaze.Also,thesecomputercodescanaccountfor changesin
transmissionlossdue to stationaltitudeandthezenithangleof thesignalbeam.Theresolutionof these
codes(20cm-1) is lowerthan theHITRANdatabase,but it doesnotrepresenta problemasit compares
wellwith theobtainablelaserlinewidths.
2.2 Results
The data and the results of the investigation are shown in a compact graphic form in figs.l-5. The
parameters relevant to the calculation are labeled on the graph. Fig.1 shows a plot of transmission values
over a large range of optical frequencies at sea level for clear skies.
Fig.2 shows a transmission vs. altitude plot for Nd:YAG and doubled Nd:YAG wavelengths (1.064 pm
and 0.532 pm respectively), which are likely to be used for an earth-space optical communication link. For
example, it is seen that the transmittance improves by about 10% as the ground station altitude is changed
from 1 Km to 4 Km. Fig.3 shows the effect of altitude over a range of optical frequencies.
Fig.4 depicts the effect of meteorological visibility on transmittance for 0.532 and 1.064 #m wavelength.
For reference, a visibility of 17.0 Km represents clear weather and a visibility of 23.5 Km is defined to be
standard clear.
With increasing zenith angle the signal beam has to travel a longer distance in the atmosphere. This
results in a decreasing transmittance with the zenith angle, as shown in Fig.5.
3.0 Conclusion
A preliminary site-independent study using generalized atmospheric models to quantify transmittance
at optical frequencies for an earth-space path have been completed. The work also quantifies the effect of
altitude, which will be helpful in the process of site selection for a ground station. Once a site for the ground
station has been selected, a more accurate atmospheric profile for the chosen area can be developed and used
to obtain still better estimates of the link loss due to the atmosphere.
4.0 Acknowledgement
The author wishes to thank Kelly Cowles and Garret Okamoto for their help, especially in the acquisition
and installation of the necessary computer codes.
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RECENT ACHIEVEMENTS OF OPEX
Bertram Arbesser-Rastburg and Owen Turney
European Space Research and Technology Centre
Noordwijk, The Netherlands
Abstract: A group of propagation researchers have joined to
prepare for a major campaign of propagation experiments for fixed
satellite services using the Olympus satellite. For several years
the receiving hardware and data processing procedures have been
planned, now, with the launch of the Olympus satellite imminen_
experimenters are eager to start the "real work". The aim of this
paper is to give a short review of the accomplishments made since
the last NAPEX meeting.
i. Introduction
The launch of the European Space Agency's (ESA) OLYMPUS
experimental satellite is scheduled for mid 1989. This marks the
entry into a new phase for the OLYMPUS Propagation EXperiment
(OPEX) group. Some of the experimenters are already fully prepared
to start the measurements; the coding of the data processing
software is underway and the communication links for distributing
vital information are being set up.
2. The OPEX Group
OPEX was set up under ESA auspices in 1980 with the objective
of standardizing the essential procedures in equipment calibration
and data handling necessary to achieve results that are directly
comparable. Much experience was drawn from the COST (CoOperation
Scientifique et Technique) activities (actions 25 and 205) that had
led to the first Europe-wide collection of Ku-band satellite
propagation statistics (Fedi, 1985). Further details on the
development of OPEX can be found in the referenced literature
(Brussaard, 1988).
Today the OPEX community includes approximately 70
organisations. Of these, about 30 are preparing to make
measurements. They are equally divided amongst:
- Universities
- PTTs or Telecommunication entities
- Private or governmental research institutions
Three of the participants are from outside Europe, namely:
- CRC in Ottawa, Canada
- Virginia Tech in Blacksburg, VA
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- North Carolina State University in Rayleigh, NC.
The chairman of the OPEX group is Professor Gert Brussaard from
the Technical University of Eindhoven in the Netherlands.
3. ESA's role in OPEX
ESA has the overall responsibility of the satellite mission
and also has taken on responsibility for three principal aspects
of the OPEX collaboration:
- to act as a focal point
- to study new hardware designs for receivers and radiometers
- to have the common data processing software developed
The Propagation Section at ESTEC is in charge of these
activities and some more details with particular respect to recent
achievements are given below.
3.1 Coordination
ESA is providing an administrative and organisational infra-
structure which gives the OPEX group a focal point for information
and coordination. Up to now this function mainly concentrated on
keeping an electronic mailing list, organizing the OPEX meetings
and producing proceedings of the meetings.
More recently a database with information on the different
propagation experiments has been established which allows the scope
for co-operation between experimenters to be quickly assessed,
either in getting their hardware operational or in exchanging data.
In the future (once the satellite is in orbit) also the regular
dissemination of orbital element data and manoeuvre information
will be provided. Communication will be via telex, e-mail and fax.
One of the difficult points in coordinating this collaborative
activity is the fact that there is some diversity in the size and
scope of individual experiments and in the finances available.
This also means that not all the groups arrive at the same level
of readiness simultaneously. However, the general enthusiasm of
the experimenters and the openness of the discussions make it easy
to deal with these discrepancies.
With the number of active experimenters close to 30 it was
also found useful to set up smaller working groups of specialists
to examine in detail particular questions and to apply their
expertise to important decisions. Such a "small user group" was
established to monitor the development of software.
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3.2 Hardware studies
The Agency has contracted out theoretical and development
studies relating to experimental hardware. Specifically the areas
of Beacon Receivers and Radiometers were investigated. To this end
two studies were completed recently:
The digital beacon receiver which had been developed by Signal
Processors Ltd (Cambridge, U.K.) was delivered to ESTEC as a
functional prototype for one receive channel. Instead of a PLL
a digital Fourier transform processor is used for carrier
frequency tracking. This allows tracking of the signal down to
a C/No level of about 15 dB below the point where a PLL
receiver (50 Hz loop-BW) "drops out".
- The study of a 20/30 GHz radiometer to measure the liquid
water and the water vapor content of the atmosphere has
resulted in a design recommendation that combines high
accuracy, simple maintenance and low price. The study was
carried out by FARRANTechnology (Ballincollig, Ireland)
Apart from these studies directly relevant to OPEX, ESA is
also planning for future propagation experiments.
The 44.6/89.2/133.7 GHz beacon payload for the next generation ESA
communication satellite (SAT-2) has been studied by Contraves
Italiana (Rome, Italy). The study showed that such a payload can
be realized with a total weight of less than 15 kg (with redundancy
on all active components) and a power consumption of less than 50
Watts.
3.3 Data Processing Software Development
The OPEX group considered in detail standard procedures for
both earth station dependent data processing and station
independent data analysis. The aim being to ensure that the
formation of event data and its subsequent comparison and exchange
could be carried out without worries regarding varying data
treatment procedures.
ESA placed a contract with Siemens Austria and CSR Ltd (U.K.)
for the study of standardized procedures and software for the
processing of propagation data. This study resulted in a clear
definition of the software requirements and the architectural
design and was completed in January 1989.
Now the contract for the development of the software is
underway and will be completed by May 1990. The work is being
carried out by Siemens Austria (Vienna) with support from IAS
(Graz, Austria). The software design and development must take
into account the different computer systems used by the
experimenters. To ensure portability UNIX and VMS have been chosen
as operating systems and a limited number of computer systems are
going to be supported. The chosen targets are 80386 based PCs with
165
AT bus, VaxStations and HP9000 workstations. The adoption of
"standard" software tools and packages was also found to be a
necessity. The WIMP (Windows, Icons, Mouse, Pointing) based
interface "X-Windows" and the graphics package "GKS" (Graphical
Kernel System) were selected for the human-computer-interface and
for graphics respectively. The programming language chosen is "C"
and the C-ISAM library is used for data and file handling tasks.
The design was user driven at all stages. This involved
frequent liaison and demonstrations with the so called Small User
Group, representing the wider body of OPEX. On completion of the
software development full documentation including a Software User
Manual will be issued to users.
4. OPEX Meetings
Two OPEXmeetings have been held since last summer. The first
one, OPEX ii was held in June 1988 in Copenhagen, being hosted by
the Danish PTT. There were more than 50 participants representing
nearly all experimenters and some of the companies involved in the
design of experimental hardware and software.
OPEX 12 took place in Vienna in April 1989 with the
support of Siemens Austria and T.U. Graz. Again, close to 60
people turned up. The status of the satellite and payload as well
as the ground segment and standardized software were discussed in
detail. Numerous presentations were also given on both, status of
preparations as well as useful observations relevant to making
propagation measurements. All papers and reports were jointly
published in conference proceedings. For the OPEX group the
OLYMPUS Utilisation Conference which also took place in Vienna
immediately after the OPEX meeting provided an ideal opportunity
to find out about the four other OLYMPUS payloads and their uses.
A redraft of the OLYMPUS Propagation Package User Guide was also
issued, containing important results of tests on the payload
transmit system.
5. Plans
After the Olympus satellite has reached its final orbital
position at 19 deg West (approximately 22 days after launch_ a
phase of careful in-orbit testing will commence. This will take
over two months. The beacon payload will be tested for e.i.r.p.
(co- and cross-polar), polarisation orientation, power- and
frequency stability and phase noise. The tests will be carried
out in Redu (Belgium) using specially built measurement stations.
After completion of the IOT the propagation measurements can start.
The software development will arrive at a down-scaled
prototype of the pre-processing package in November of this year
and the final acceptance test (for the 80386-software) is scheduled
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for April 1990. It is planned to have a small training workshop
for the users at this time.
6. Conclusion
It has been a busy and productive year for OPEX. The preparation
of facilities to receive the OLYMPUS propagation beacons made a big
step forward in most places. Some old ground stations have been
refurbished, many have been constructed "from scratch" and are
ready to start measurements as soon as they can pick up a signal
from 19 degrees West. We are all confident that the careful
planning, attention to detail and co-operation on a wide scale will
ensure the success of this campaign.
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THE ITALSAT EXPERIMENT
by A. Paraboni,
Dipartimento di Elettronica del Politecnico di Milano, Piazza L.
da Vinci 32, 20133 Milano, Italy
FOREWORD
This note gives some succint information on the ITALSAT
millimetric waves propagation experiment, to be conducted with
the ITALSAT satellite, whose launch is foreseen in the middle of
1990.
The main purpose of the ITALSAT project is the one of
experimenting advanced technologies and techniques employing the
20/30 GHz bands in wideband telecommunications.
Among the most qualified features of this system there certainly
are the multispot antenna (covering the Italian territory by six
beams with full connectivity among them in the preoperational
version) and the exchange function performed directly on board.
The preoperational version will also carry an advanced
propagation payload allowing measurement in the 40 and 50 GHz
bands. These beacons, in addition to the telemetry one at 20 GHz,
are the ones which constitute the subject of the present note.
The satellite is owned by the Italian Research Council (CNR) and
the management, originally committed to the Piano Spaziale
Nazionale, has been passed today to a new body recently created,
the Italian Space Agency (ASI), to which r_quests for further
information can be addressed.
ITALSAT is being entirely developed and realized by SELENIA
SPAZIO.
The scientific responsibility of the propagation experiment,
lays, on behalf of ASI, under the author of the present note, who
is also member of the Centro di Studio per le Telecomunicazioni
Spaziali (a body of the CNR situated by the Politecnico di
Milano), in which operates as a researcher.
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THE PROPAGATION EXPERIMENT
ITALSAT will allow propagation experiments in the 20-40
and 50 GHz frequency bands.
Remarkmble characteristics of the satellite transmitter are
the following:
-European antenna coverage
-long duration (5 years)
-high EIRP
-coherence among all the transmitted signals
-dual polarisation transmission at 50 GHz (commutation at IKHz)
-angular modulation of the 40 OHz beacon (sidelines at +500Mhz
from the central llne)
Exploiting all the possibilities offered by the satellite
it will be possible to achieve a very accurate and complete
characterization of the radio channel practically up to the
higher limit of the present frequency
established by the WARC.
Indeed, in addition to attenuation
allocation recently
and depolarisation,
measurable at all frequencies (only in North Europe the 20 GHz
beacon is not available), the following activities will be
possible:
-complete
(similarly to
characterization
-identification
identification of the depolarlslng channel at 50 GHz
OLYMPUS at 20 GHz), which allows
in any polarisation;
of the frequency response (amplitude and phase
distortion) around 40 GHz by comparing the amplitude and phase
of the sidelines;
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-identification of the phase characteristic of the transfer
channel across the entire band, by comparing the phase shifts
of all the received signals (20,40 and 50 GHz);
-assessment of the dynamic characteristics of the received
signal, including rapid variations (scintillations), owing to
the high EIRP and phase stability of the on board source;
-assessment of the frequency scaling techniques, both long and
short term, up to high attenuation levels;
-assessment of the incoherent scattering by water particles,
even if only in particular meteorological conditions.
Naturally the value of the direct measurements can be
strongly enhanced by associating to the beacon receivers some
ancillary instruments such as one or more radiometers,
rain-gauges, meteorological radars
instruments. As well known, this
relation existing between directly
attenuation and calibrating these
and other meteorological
allows determining the
measured and estimated
"indirect" estimators for
extensive measurements taken elsewhere. In addition the
radiometer can "calibrate" the beacon itself by providing the
correct zero reference.
By coordinating the measurements taken by various
experimenters through Europe other fundamental achlevments can
be pursued. Among them it is worth reminding the climatological
characterization of the European area and the large scale
correlation of fading, recently recognized as a necessary input
for the design of advanced satellite systems based on the
"on-board resource sharing" philosophy.
As the past experience with SIRIO, OTS and COST 205 has
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shown, the significance of propagation experiments is
dramatically increased if a good coordination level among the
participants can be reached.
Moreover it is now evident that the coordination problems
are enormously reduced if things are prepared well in advance.
Bringing ahead these previous experiences the OPEX
(Olympus Propagation Experiment) group has been set up some
years ago and has now reached an excellent level of
coordination: procedures are being agreed and written within a
common frame aiming at arriving to the complete
interchangeabillty of all the data
more importantly, to the habit of
in a collective manner.
among experimenters and,
putting and facing problems
Of course we hope
with ITALSAT, where, due to the
aspects being investigated, the
more necessary prerequisite.
that this experience will be continued
new and perhaps more critical
coordination becomes a still
The long term scientific objectives that can be pursued with
perhaps hard foreseeing in
to be investigated were below
ITALSAT are very stimulating and
their globallty.
In the past, when the bands
20 GHz, it was clear that attenuation by rain, specially
major problem to be tackled. The
far beyond this subject however! In
collective effort of investigation
throughout the world lead to significant achievments also in
neighboring fields as meteorology, remote sensing and basic EM
theory.
convective rain, was the
scientific comunity went
fact the extraordinary
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The attenuation measurements in itself were taken in a
different way, enlarged and additloned with other measurements
just as the requirements of the telecommunication engineering
were pointed out. Along this line we have arrived to the
threshold of the mil!imetric waves (30 GHz) which are going to
be investigated with the forthcoming
millimetric waves the new scenario
activity, to be performed with ITALSAT,
satellite OLYMPUS. At
for the propagation
will surely lead us to
tackle different problems, most of them hard to be foreseen
from the present standpoint.
The well established availability and quality objectives in
the probability range 0.01-0.I percent of time will probably
lead to absolutely unfeasible system margins so that scaling
rain attenuation up to the corresponding levels will probably
constitute little more than a theoretical exercise.
On the other hand increasing the probability other
phenomena become important, if not dominant in some cases
(stratified rain, brightband, scintillation by irregularities
of the refractive index, absorption by water vapour in gaseous
or saturated form, depolarisation by ice needles, etc.).
For instance attenuation by clouds at 50 GHz is expected to
be of the order of 1.5 dB in average, possibly much higher in
extreme cases. Similarly scintillations of a 2-3 dB peak to
peak should not be uncommon even for high elevation links.
From what precedes it seems that predictions will no more
entirely based on rain gauge data but possibly on different
meteorological data according to prediction rules still to be
devised and tested.
173
In addition to these activities, somehow 'traditional' with
respect to the technical objectives, one can consider the
possibility of investigating on different and non-tradltlonal
areas (but perhaps important for the future systems as well)
pertaining to the electromagnetic
incoherent radiation, ray bending and
probably of greater importance at 40/50
propagation basics:
multlpath, which are
GHz and surely better
observable wlth antenna systems of limited size.
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EXPERIMENTDEFINITION
The ITALSAT propagation meaurements are performed on down
links at the three frequencies 20,40 and 50 GHz.
The payload characteristics are given in the additional
material annexed, which gives the footprint of the onboard
antennas, the EIRP values (with the associated fluctuations)
and other various figures pertaining to the transmitter. It
is important to remind that the three beacons are coherent to
each other so that the receiver locking can be virtually based
on the signal arriving at earth with greater strength at a
particular instant.
The following paramaters can be directly measured:
I) CPA level at 20 GHz in vertical polarisation
2) CPA level at 40 GHz in circular polarisation
3) CPA level at 50 GHz in vertical and horizontal polarlsatlons
4) XPD level and phase at 20 GHz
5) XPD level and phase at 40 GHz
5) XPD level and phase at 50 GHz
6) differential level and phase between the two polarisatlons
at 50 GHz (fast commutated at 1Khz rate)
7) differential phase shift between the sidelines and the
carrier at 40 GHz (phase distortion)
8) differential amplitude between the sidelines at 40 GHz
9) differential phase between any pair of lines at 20,40
and 50 GHz
I0) cross polar levels and phases of the sidelines at 40 GHz
Unfortunately the 20 GHz beacon is not visible from all
sites in Europe as power budget constraints, due to the use as
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telemetry beacon, put an inferior limit to the antenna gain.
Reception of this frequency concurrently with the others is
however extremely important both for the assessment of the
frequency scaling technique down to the previously explored
frequencies and for the possibility of simultaneous
measurements with OLYMPUS(orbital diversity assessment).
In any case the coordination
with the OLYMPUS ones will offer
testing the effectiveness of
of the ITALSAT measurements
the unique possibility of
the large scale diversity
techniques at different frequencies, in addition to the more
obvious, but all the same important, possibility of extending
the number of points where measurements are taken, with
benefit for climatology and modelling purposes.
In Italy three large stations are foreseen; one in Spino
d'Adda, near Milan, menaged by the Centro di Studio per le
Telecomunicazioni Spaziali of the Consiglio Nazionale delle
Ricerche (CSTS/CNR), a second in the Rome managed by the
Istituto Superiore delle Poste e Telecomunlcazioni and
Fondazione Ugo Bordoni (ISPT/FUB) and a third one in Turin,
managed by the Centro Studi e Laboratori Telecomunicazioni
(CSELT).
The link budget of the receiving stations, which will
receive the three signals using a common phase locked source,
is shown table 1.
With the margins reported, a worst case operativity of
some 0.05% (in Italy) is foreseen (locking at 50 GHz);
obviously this is expected to increase noticeably by exploitin S
the possibility to lock the lower frequency beacons. The table
is all the same useful as reference for stand alone receivers.
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TABLE 1
ITALSAT PROPAGATIONEXPERIMENTLINK BUDGET
Frequencles(GHz) 20 40 50
EIRP(dBW-mod. carriers) 23.7 24.8 26.8
Free space attn. (dB) 209.6 215.6 217 5
Antenna dlameter(m) 3.5 3.5 3.5
Antenna gain (DB) 55.1 60.6 62.3
Receiver noise factor(dB) 4 5 6
Overall noise temp,(OK) 728 917 1154
G/T (dB) 26.5 30.9 31.6
C/N per Hertz (DB) 69.3 68.7 69.5
PLL bandwidth (dBHz) 20 20 20
C/N in i00 Hz (DB) 49.3 48.7 4g.5
C/N limit (DB) 7 7 7
Dynamic range(dB) 42.3 41.7 42.5
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Additional information concerning the
ITALSAT PROPAGATIONEXPERIMENT
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MAIN SATELLITE CHARACTERISTICS
(prop. exp.)
EIJROPEAN ANTENNA
LONG DURATION
HIGH EIRP
COHERENCE AMONG
TED SIGNALS
COVERAGE
ALL THE TRANSMIT
DtJAL POLARISATION TRANSMISSION
AT SO GHz
ANGLE MODULATION OF THE 40 GHz
BEACON
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ITALIAN STATIONS FOR THE
PROPAGATION EXPERIMENT:
ITA_SAT
SPINO D" ADDA by
_OMA by
TORINO by
CNR/CSTS
ISPT/FUB
CSELT
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EXPERIMENTAL
BY ITALSAT
ACTIVITIES ALLOWED
PREDICTION OF PROPAGATION PARAME
TERS FOR FUTURE SYSTEMS DESIGN
(CPA. XPD. PHASE SHIFTS ETC . )
IDENTIFICATION OF
PROPERTIES
THE EM CHANNEL
ASSESSMENT
INDIRECTLY
PARAMETERS
OF METHODOLOGIES FOR
ASSESSING PROPAGATION
(RADIOMETERS, RADARS)
CHARACTERIZA
WITH RESPECT
OF VARIOUS P
TION OF
TO THE
ARAMETERS
WIDE AREAS
STATISTICS
DEVISING/ASSESSI
METHODS FOR SING
STATISTICS IN LI
ABILITY RANGES
NG OF PREDICTION
LE AND MULTIPLE
TTLE KNOWN PROB
IDENTIFICATI
MECHANISMS A
AT MILLIMETE
ON OF THE DOMINATING
FFECTING PROPAGATION
R WAVES
ATMOSPHERE SOUNDING
SYSTEM--ORIENTED INVESTIGATIONS
(small/large scale diversity,
common on board resource systems
up--path power control systems
PHYSICAL AND STATISTICAL MODELS
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RADIO MEASUREMENTS
I TALSAT
ALLOWED BY
ATTENUATION AT 20. 40 AND 50 GHZ
DEPOLARISATION
GHz
AT 2O. 40 AND _0
COMPLETE IDENTIFICATION OF
DEPOLARIZING CHANNEL AT SO
IDENTIFIC
RESPONSE
phase dis
ATION OF
(cP, annel
torti,_n)
THE FREQUENCY
an_pi i rude and
AT 40 GHz
IDENTIFICATION OF THE PHASE CHA
RACTERISTIC OF THE TRANSFER CHA
NNEL ACROSS THE ENTIRE BAND
ASSESSMENT OF THE DYNAMIC CHARA
CTERISTICS OF THE RECEIVED SIGN
ALS (scintillations. fade du_ati
on and slopes etc )
ASSESSMENT OF THE FREQUENCY SCAL
ING TECHNIQUE
ASSESSMENT OF
SCATTERING BY
(even only in
conditions)
THE INCOHERENT
WATER PARTICLES
parti cular meteo .
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ELECTRICAL PARAMETERS MEASURABLE
AT THE ITALSAT RECEIVER
CPA LEVEL AT 20
POLARISATION
GHz IN VERTICAL
CPA LEVEL AT 40 GHz IN
POLARISATION
CIRCULAR
CPA LEVEL AT 50 GHz IN
AND HORIZONTAL POL .
VERTICAL
XPD LEVEL AND PHASE AT 20 GHz
XPD LEVEL AND PHASE AT 40 GHz
XPD LEVEL AND PHASE AT SO GHz
(both hor . and vel-t, pol )
DIFFERENTIAL
BETWEEN THE
SO GHz (fast
LEVE
TWO POL
commut
L AND PHASE
ARISATIONS AT
ated at 1KHz)
DIFFERENTIAL PHASE SHIFT BETWEEN
THE SIDELINES AND THE CARRIER AT
40 GHz (phase distortion)
DIFFERENTIAL
THE SIDELINES
AMPLITUDE
AT 40 GHz)
BETWEEN
DIFFERENTIAL PHASE BETWEEN ANY
PAIR OF LINES AT 20, 40 AND SOGHz
CROSS POLAR LEVELS AND PHASES OF
THE SIDELINES AT 40 GHz
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UNUSUAL
INTEREST
MEASUREMENT OF
AT MILLIMETRIC
PROBABLE
_AVES
INCOHERENT RADIATION
RAY BENDING
MULTIPATH ( ? )
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I TALSAT PROPA_AT I ON
L INK BUDGET ( i ta I i an EXPERIMENTstations)
frequencies
EIRP
fr.sp.
antenna
antenna gain
noise fact.
temperature
attn .
diam .
G/T
C/N per Hz
PLL bandw . dB
C/N in ]00 Hz
C/N limit
dynamic range
20 40 50
23. 7 24. 8 26. 8
209 . 6 21 5 . 6 21 7. 5
3.5 3.S 3.S
5S . 1 60 . 6 62 . 3
4 S 6
728 917 ]IS4
26 . S 30 . 9 3] . 6
69 . 3 68 . 7 69 . S
20 20 20
49.3 48.7 49.5
7 7 7
42.3 41 7 42.5
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20 GHz beacon coverage
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_5
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.40/50 GHz beacon coverage
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Synthesis of the ITALSAT beacon frequencies
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Session 3
ADVANCED COMMUNICATIONS
TECHNOLOGY SATELLITE
Chairman:
Dr. Faramaz Davarian
Jet Propulsion Laboratory
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ACTS PROPAGATION CONCERNS, ISSUES, AND PLANS
Faramaz Davarian
Jet Propulsion Laboratory
California Institute of Technology
Pasadena, California 91109
ACTS counters fading by resource sharing between the users. It provides a large
margin only for those terminals which are at risk by unfavorable atmospheric
conditions. A moderate power margin, known as the clear weather margin, is
provided to all active users. Each user monitors one of the ACTS beacons
continually to assess atmospheric conditions. If a severe reduction in the
received beacon power is detected, the network master control station (MCS) is
notified via orderwire Channels. The MCS responds by instructing the terminal to
reduce its bit rate and invoke coding. The MCS will also notify the terminal at
the other end of the llnk as well as the satellite on-board processor. Both
measures reduce the error rate in the data flow caused by atmospheric fading.
ACTS, as an experimental satellite, provides a 5-dB clear weather margin and lO-dB
additional margin via rate reduction and encoding. For the upllnk, this margin may
be increased by exercising uplink power control.
In achieving these goals, the radiowave propagation community faces a number of
challenges. Among them are:
A) The 5-dB clear weather margin will be used for fade condition detection.
Is this margin sufficient? Could we reduce this margin? For example,
if our research shows that this margin can be reduced to 2 dB, a power
saving of approximately 50% will result. This results in substantial
reductions in cost for operational systems.
B) To invoke fade countermeasure, the system must determine that a fade is
imminent. A conservative approach (delayed decision) will prove
detrimental to the llnk experiencing a fade, whereas, overreaction can
overburden an operational system. Hence, we need to develop techniques
which can accurately predict fades in real time. Figure i depicts two
fade scenarios that require two different responses. This figure shows
the received signal power as a function of time (note that the time
scale has been intentionally left out). The solid llne shows a fade
which requires a system response to counter the effect of fading,
whereas, the dashed line shows a fade which does not require a system
response. A 5-dB margin is also marked on Figure i.
c) To facilitate the resource sharing feature of ACTS, natlon-wlde fade
statistics are needed.
Our studies will focus on two issues: general needs and ACTS-specific needs.
general needs include:
A) Propagation data for VSAT with small power margin
B) Propagation data on short-term fades and fade slope
C) Fade countermeasure techniques
The
D) Nation-wlde fade statistics
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Figure i. Fade Dynamics
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To address ACTS-speciflc needs, an environment will be cultivated wherein
propagation experts can develop, test and refine their models and schemes in a
unified fashion. Furthermore, advice and assistance will be given to ACTS users.
What is required in the context of ACTS propagation needs is a convenient
environment that propagation experts can conduct propagation studies. This
environment should provide the expertswith statistically significant
observations. Data must be taken in climatologically diverse areas for long time
durations. Fade countermeasure schemes must be tested thoroughly. Data
collected and analyzed by different centers must be presented with a uniform and
consistent format. ACTS experimenters in other areas, i.e., communications, data
transmission, protocol, etc., should not be burdened with propagation issues. ACTS
users should be able to receive advice and assistance from the ACTS propagation
experimenters group. This must be performed in a manner convenient to ACTS users.
Although many propagation research centers will participate in this task, a single
organization must oversee the effort for cohesiveness of the endeavor.
NASA's Propagation Program is organizing a cohesive effort to respond to ACTS
propagation needs. Our plans call for the development of low-cost propagation
terminals consisting of beacon receivers, radiometers, and data acquisition
systems, which will be loaned to different research centers and universities for
data collection and analysis. The Propagation Program has already begun this
effort by participating in the Olympus experiment, which is described in the
article by Professor Stutzman of Virginia Tech. Table i shows the chronological
order of events.
Table i. Chronological Order of Events
Year Activity
1989
1990
1991
1992
Construct beacon receivers, radiometers, and a data acquisition
system for the OLYMPUS experiment
Perform OLYMPUS propagation experiments and collect data
Design and build a prototype ACTS beacon receiver system
Build a CODE" terminal
Complete the OLYMPUS experiments
Evaluate ACTS prototype propagation terminal using OLYMPUS
Build 8 to i0 ACTS propagation terminals
Start ACTS experiments
"CODE is an acronym for the cooperative OLYMPUS data exchange, a feature
which allows an experimenter to exchange data with other OLYMPUS
experimenters.
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A reasonable question to ask is where should the ACTS propagation terminals be
placed• In attempting to answer this question, we note that although ACTS beacons
are received anywhere in the U.S. mainland, the spot beams are not available
everywhere. To enjoy the potential benefits of proximity to a communications
terminal, one may suggest to place the propagation terminals where communications
coverage is also available. Of course, selecting a slte based on spot beam
availability alone is hardly a sufficient reason• Therefore, we note the Global
Rain Climate map of the U.S., which Includes an overlay of ACTS coverage areas as
depicted in Figure 2. The map in Figure 2 is a clue for the answer to the above
question.
° \d
" .
i "_ D I
82
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.._i L._.--.,
E
Figure 2. Rain Rate Regions for the Continental U.S•: Crane
Global Model, 1980
However, before selecting the locations for ACTS propagation terminals we need to
consider one more parameter, namely the existing propagation data. For this
purpose, we may refer to Figure 3, where the 20/30-GHz data availability in the
U.S. is shown. Figure 3 reveals that most of the past data were taken at the east
coast and the south• There are no data available from the west, southwest, north,
and the Rockies. Hence, we need to make sure that the areas that lack propagation
data receive attention.
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With considerations given to Figures 2 and 3, a suggested set of locations for
placing ACTS propagation terminals emerges. Table 2 shows these locations. Note
that according to the Global Raln-Zone Model there are 8 rain zones in the U.S.
Table 2 suggests one terminal per rain zone with the exception of zone DI, which
is allotted two terminals. Also note that with the exception of the terminal in
zone BI, all the other terminals are in areas that receive ACTS communications
coverage.
The Propagation Program will sponsor a two-day workshop on ACTS propagation in
Fall 1989. It is hoped that most of the issues addressed in this article will be
discussed thoroughly in the workshop. The theme of the workshop is "Planning ACTS
Propagation Studies, and Standardization of Propagation Data Collection and
Reduction."
Table 2. Suggested Set of Locations Using Crane's Zones
Number of
Zone Location Stations
BI Idaho i
B2 Denver 1
F Los Angeles/Phoenlx/White Sands i
C San Franclsco/Seattle i
DI New Hampshlre/Michigan 2
D2 Blacksburg i
D3 Atlanta i
E New Orleans/Tampa/Miami/Houston i
Total 9
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U.8. ACTIVITY WITH THE OLYMPUS B_TRLLITR
Warren L. Stutzman
Satellite Communications Group
Bradley Department of Electrical Engineering
Virginia Tech
Blacksburg, VA 24061
Richard Campbell
Department of Electrical Engineering
Michigan Tech
Houghton, MI 49931
Future communication systems will move toward the 20/30 GHz
frequency range for wider bandwidth and reduced interference,
and will use small earth terminals (VSATs). Previously,
communication systems used large earth terminals with wide
fade margins to achieve high reliability. Modest reliability
requirements coupled with fade compensation techniques (uplink
power control, variable rate encoding, dynamic resource
sharing, etc.) have made inexpensive, low margin VSAT
terminals practical. Past propagation experiments accumulated
data for the wide margin system configurations; however,
emphasis must now shift to the measurement and modeling of low
margin systems. This requires accurate measurement of fade
statistics and fade dynamics for low/moderate fading. Fade
dynamics now play an important role in the design of
compensation schemes.
The European Space Agency satellite OLYMPUS is scheduled for
launch this June and will be ready for use in October.
OLYMPUS has 12, 20, and 30 GHz beacons (more accurately 12.5,
19.77, and 29.66 GHz). Virginia Tech and Michigan Tech are
working with NASA/Jet Propulsion Laboratory on an OLYMPUS
experiment and hardware development program. Receiving
systems at 12, 20, and 30 GHz will be installed at Virginia
Tech.
OLYMPUS beacons provide coverage of the east coast of the
United States sufficient for attenuation measurements. The
elevation angle to Blacksburg, Virginia, is 14 degrees. A
unique feature of the OLYMPUS beacon package is that the three
spacecraft beacons are derived from a common oscillator,
yielding coherent beacons. The Virginia Tech OLYMPUS
receivers are designed to take advantage of this coherence by
deriving frequency locking information from the 12 GHz
PRECEDING PAGE BLANK NOT FILMED
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receiver for all three frequency receivers. This widens the
effective dynamic range of the 20 and 30 GHz receivers, which
are more susceptible to fading during a rain event. A useful
dynamic range of 34 dB is expected from both the 20 and 30 GHz
receivers.
Clouds and scintillation can produce up to 3 dB attenuation at
30 GHz on a 14 degree elevation angle path and may be present
for a high percentage of the time. It is important in a slant
path propagation experiment to be able to set the "clear air
reference" level accurately. We are incorporating radiometers
at each beacon frequency into our receiving system to aid in
setting this clear air reference level. The radiometers are
of the total power design; the RF and IF sections are housed
in temperature controlled environments to keep gain constant.
The east coast of the United States is far off boresight of
the OLYMPUS 20 and 30 GHz antennas. As a result, there will
be a loss of antenna gain from the satellite, not exceeding 8
dB at 30 GHz. There is sufficient EIRP from the beacons for
good measurements to be made with moderate sized antennas.
Cross-polarization measurements are not feasible, however,
because the satellite antennas have low XPD well away from
boresight.
Figure 1 illustrates the planned hardware for the OLYMPUS
experiments. The objectives of the experiment are summarized
in Table i. The receiving antennas are 12, 5, and 4 feet in
diameter at 12, 20, and 30 GHz, respectively. Thus, the 20/30
GHz portion of the experiment will employ VSAT class
terminals. There is a second 20 GHz receiver identical to the
first for the purpose of examining small scale diversity.
Although widely spaced diversity terminals have been studied
for deep fade cases, short baseline diversity for low/moderate
fading has not.
Table 1 summarizes the components of the experiment. Fade
measurements are directed toward producing data necessary to
assemble information on the following: fade occurrence
frequency, fade duration and fade interval statistics,
frequency scaling of attenuation, and fade slope data. Small
scale diversity will be examined as well.
Figure 2 gives a block diagram level overview of a typical
channel and Figure 3 shows one of the four RF front ends. In
all cases a common IF frequency of 1120 MHz is used. Receiver
hardware and software have been designed to be used directly
(or in some cases with modification) with ACTS. The analog
receiver includes a digital detection scheme developed at
Virginia Tech. It produces a 16-bit digital output directly
from a i0 kHz signal for in-phase and quadrature-phase
223
components, allowing amplitude and phase extraction via
software in the Data Acquisition System (DAS). The sample
rate is variable between 10 and 100 Hz.
The total power radiometers at 12, 20 and 30 GHz use the same
front ends as the main receivers. A 25 MHz band of noise is
filtered at the 1120 MHz IF, and detected with a square-law
diode. A noise calibrator is included which injects a known
level of excess noise into the radiometer front end at regular
time intervals. Two point calibration of the radiometers is
accomplished using hot and cold loads. The total power
radiometer is very sensitive to gain changes in the RF and IF
amplifiers, which produce the same changes in the radiometer
output as variations in antenna noise temperature. All
components in the radiometers will be in temperature
controlled environments with better than 1°C temperature
stability. MMIC amplifiers will be used in the 1 GHz IF
stages. These amplifiers have heavy feedback and show very
small gain drift with temperature.
The data acquisition system (DAS) software developed for
this project is a menu driven package that permits data
collection and preview/display. Propagation data from as many
as eight channels will be collected, stored, and displayed in
real time. Included in the data analysis system display are
status information for system components as well as weather
conditions.
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Table I
Components of the OLYMPUS Experiment
at Virginia Tech
Attenuation Measurements
Attenuation data will be collected from the 12, 20, and 30
GHz OLYMPUS beacons during a one year period for the
following uses:
Fade statistics
Fade duration
Fade interval
Frequency scaling of attenuation
Support of studies mentioned below
Radiometric Measurements
Radiometric data will be collected to assist in setting
reference levels to improve low level attenuation
measurement accuracies. However, such data may be useful
in its own right.
Fade Slope Measurements
Statistics on the rate at which individual fades begin and
end (in dB per second) will be accumulated and correlated
with the physics of propagation.
Small Scale Diversity
A moveable 20 GHz terminal will be stationed near the main
20 GHz terminal.
Attenuation data at the diversity station will be compared
to that for the main terminal during the same sub-year time
interval.
Diversity gain will be examined for each station as a
function of baseline distance.
Uplink Power Control
Attenuation data on 20 GHz will be used to test various
uplink power control algorithms to predict how fading could
be relieved if uplink power control is used.
Meteorological Support
Tipping bucket rain gauges
X-band PPI radar
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PROPAGATION EXPERIMENTS
MANAGEMENT PLAN
John Kiebler
NASA Headquarters
Washington, DC 20546
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